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Section 1

THE SIMPLE PLUME MODEL ITS UTILITY AND NATURE-Ii
The boost-phase radiation signatures of high-altitude strategic missiles

and the possibility of design modifications varying these signatures play a key role

in the development of satellite warning systems. A wide variety of experimental,

theoretical, and field-measurement programs have been directed toward the study

of the radiation phenomenology of rocket-exhaust flow fields. These programs have

12 resulted in a fairly clear understanding of the nature of plume radiation below

70 kilometers. The detailed nature of high altitude plume radiation, however, is

not presently understood, partly due to the difficulty of obtaining numerical solutions

for the highly-underexpanded rocket plumes characteristic of rockets at high altitudes.

This problem is further complicated by the occurrence of significant gas-transport

and transitional-low effects and by the difficulty of ground-based simulation of some

of the relevant, collision-limited, long-lived radiation processes.

- fGreatly simplified inviscid plume models have been constructed to describe

the important features of high altitude rocket exhausting into coparallel streams.

[jl These simple models describe, for instance, the location of shocks and contact surfaces.

The phrase, plume model, as used here, pertains to simple techniques rather than to

very complex descriptions based upon numerical analyses. Simplified models are

[1 intended to aid in the analysis of field measurements and wind tunnel simulations and

to provide physical insight into the fundamental behavior of plume flowfields. At

fi sufficiently high altitudes the viscous mixing layer between jet and ambient gases is

no longer thin so the concept of an inviscid contact surface becomes inappropriate.

At still higher altitudes, relevant mean-free-paths become comparable to plume

dimensions, thus the flowfield cannot be wholly described by continuum concepts.

Consequently, inviscid plume models become of limited value as missile altitude

increases. In comparing experimental measurements with such models it is important,

_ therefore, that consideration be given to their limits of applicability.

-1-



In 1970 the Air Force Rocket Propulsion Laboratory, in conjunction with

the Aerospace Corporation, formulated the High Altitude Plume Radiation Program

(HAPB(AP) to provide laboratory data to aid in the understanding of high altitude

plume radiation phenomenology. At the Arnold Engineering Development Center

(AEDC), of Tulahoma, Tenn., flowfield studies were conducted with engines exhaust-

ing into a near vacuum in the Mark I chamber, and for model rockets exhausting into

supersonic or hypersonic flowing streams in the M and D wind tunnels and in Aero-

space Chamber 10V at the von Karman Facility. The model rocket studies were

conducted with the rocket nozzle axis coparallel with, perpendicular to, and opposed

to the freestream. In the present work only the coparallel studies in a flowing

stream are studied. The utility, applicability, and possibility of improvement of

existing plume models with the aid of the HAPRAP data is of major concern in the

present work, with particular emphasis placed on the validity of the Jarvinen-Hill

plume model.

Characteristic features of a continuum high-altitude rocket plume are

sketched in Figure 1. Typically the missile is moving at supersonic speeds, therefore,

the plume is preceeded by a plume outer

shock. Since the rocket exhaust is a super-

OK sonic, highly underexpanded axisymmetric

flow, it overexpands and adjusts to the I
external flow by a reentrant, plume inner

SUPERtSONIC
FaUsr mUA shock (sometimes termed the "barrel

/ 4YPERSOJ- C .shock") surface converging at the "Mach

MISSIL - - -A! - Dis disc. The flow immediately downstreamMISSILE XSO SMER

FLWC of the Mach disc is subsonic. In the T
inviscid limit, freestream and exhaust

gases would be separated by a contact
STEZIsurface. In reality, a relatively thin

mixing layer forms wherein diffusive,

viscous and other transport phenomena

Figure 1 - Schematic View of the Plume are important.
Flowfield

-2-



Several "analytic models" have been proposed to describe the flowfields

of high altitude rocket vehicle moving at supersonic speeds. "Model" denotes a

simplified physical description translated into an approximate but easy to use com-

putational technique. "Analytic" implies a series of closed form scaling laws which

1d allow estimates of such major structural features of the plume as the inner and outer

shocks, contact surface and Mach disc. These models are based partly upon numerical

solutions to inviscid flows and partly upon field observations of high altitude missile

plumes.

Common assumptions in tb plume models are:

i j j1. Axisymmetric, cogarallel flow,

2. Highly underexpanded exhaust - so that: a) the rocket body

structure does not significantly perturb the flow; and b) the

undisturbed interior flow is radial moving at a speed approach-

ing the gas limiting speed, based on engine conditions,

3. Hypersonic exterior flow - so that ambient static pressure

does not affect plume structure,
4. Iiiviscid flow.

i The last a:sumption is perhaps the most restrictive in modeling very high altitude

plumes. Th. basic purpose of the HAPRAF mixing layer measurements is to study

[this specif,.e aspect of pluvue flow.

U 1.1 D1 VELC PMENT OF HIGH ALTITUDE INVISCID PLUME MODELS

1.1.1 aly kork

jFarly investigations of underexpanded engine exhausts consisted of
experi.ents supplemented 1)" applications of the method of characteristics (MOC)

and snok ?..parsion techniques.( ' 2) Adamson and Nicholls(3)Latvala(,4)and Love,
Grigsby, .4d Le5ebtablished tOe overall structure of highly underexpanded jets

Sii, still 9.ir. Experinental results were compared with MOC calculations and

I-3-
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approximate theoretical methods. It was determined that the dimensions of exhaust

plumes in still air scale as the inverse square root of the ambient pressure.

While studies of exhaust plumes in still air continued' 7)photographs

published by Rosenber 8 of the Air Force Cambridge Research Laboratories in the

early 1960's showing the full scale ICBM mixing layer structures at high altitudes

stimulated a strong interest in exhaust plumes in supersonic streams. From these

photographs it is seen that one of the strongest radiation regions was associated

with a parabolic structure in the forward plume region where the freestreani

dynamic pressure exerts the dominant influence on the aerodynamic structure.

Successive theoretical descriptions of these observations were developed by

Thompson and Harshbargert 9) and later by Hill and Habert! 10 )

Thompson and Harshbarger(9)discussed the plume 3drag" and presented

maximum plume radii norma. ized by the square root of thrust divided by ambient

pressure. These dimensionless radii displayed a largely inverse dependence on the

freestream Mach number, M . They showed the behavior appropriate to plumes

in hypersonic streams later expressed in compact form by Alden and Habert (13 )

via the length, 1/2

=( (1 1/

where T is the engine vacuum thrust and is the freestream dynamic pressure.

In this work, it was also shown that a secondary scaling dependence exists II
in terms of the nozzle thermodynamic efficiency, the ratio of engine thrust to the

thermodyiiamically-maximum thrust,

1The phrase "nozzle efficiency" usually referes to various nonisentropic

nozzle flow losses (e.g., boundary layer losses). As used herein, it

refers only to the nozzle thermodynamic efficiency obtained from Equation (2).

-4-



C
T FLIn xu Clim  Fmax

where

rh = engine mass flow

Uli m  - exhuast gas limiting speed

CF  = engine vacuum thrust coefficient

CFmax = engine vacuum thrust coefficient for infinite area ratio.

LThe plume size was shown to decrease as nozzle efficiency increased. These two

scaling parameters appear in most subsequent high-altitude plume studies.

UThe theory of exhaust plumes viewed ad hypersonic bodies of revolution,

characterized by drag and frontal area, was developed further by Hill and HabertpI0 )

They argued, by use of overall plume momentum balance, that when the missile is

operating at high altitudes (> 100 kin) plume drag can be expressed in terms of
engine characteristics independent of ambient pressure. Thus, they obtained

D C Fmax
T CF

Their momentum balance formulation of the plume drag assumes that the limiting

gas speed is preserved as the jet gas passes through the inner shock at large dis-

tances from the nozzle exit. Then the plume drag is simply maximum attainable

thrust minus engine vacuum thrust, which leads immediately to Equation (3).

However, since the right-hand side of Equation (3) is small for typical high

altitude engines, even minor deviations from the above isentropic shock assumption
will lead to substantial errors in D/T.

'-5-



Assuming this view of the plume boundary as a body of revolution in

hypersonic flight and that this body is slender, Hill and Habert applied the blast

wave analogy of Lee(11)to obtain a parabolic plume outer shock radius, R. , with

constant parabola expressed in terms of plume drag as

(D / 0. 364 (4)

for freestream ratios of specific heats equal to 1.4.

Although the theory from which this parabolic outer shock is obtained is

valid only where the plume is slender, Hill and Haber 10 ) applied it to available

field observations in the blunt plume nose region with favorable agreement for

an ambient density range of an order of magnitude. Their comparison, shown

here in Figure 2 , constitutes the first validation of plume scaling by (D/qCO)

for full scale booster rockets. In this comparison (D/q) 1/2 is large (_ 103 meters),

and plume nose radii are much larger than missile dimensions, thus the outer L-

shocks are not strongly disturbed by missile bodies. Jarvinen and DyneP12)later

successfully applied this scaling of bow shock shapes at much smaller (D/q )1/2

(0. 1 meter) for plume nose radii smaller than the body, as shown also in

Figure 2.

1.1.2 The Hypersonic Plume Scale: L

For fixed nozzle geometry and jet gas, plume drag is proportional

to thrust (see Equation (3)). The bow shock radius, which was found by Hill and.1

Habert to scale as (D/q.) therefore also scales with L

Alden and Haber 13 ) derived a differential equation for the inviscid plume

contact surface based upon Newtonian flow theory with a centrifugal correction.

Contact surface coordinates, when normalized by the hypersonic plume scale,

were found to depend only on nozzle geometry and jet gas specific heat ratio.

-6-
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This is apparently the first plume model in which scaled contact surface shapes

are predicted with parametric dependencies on nozzle characteristics. Their -i
resulft are shouw here in Figure 3 for one value of D/T, where contact surface

riiinates are normalized by (T/qo) 1/2

.I = y'L.

0.8 

ii

HUBBARD (16)
D/T = 0. 214

/ M.3=15. 0

0.6 M 3.
ALDEN', HABZRT (13) JAVNN HL(9

D/T =0.?67 JAVNN HILL0. 190

0.4

-4.0

BOYNTON (17) i

WT'= 0.199

0.0 Lx

0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4

Figure 3 - Inviscid Plvme Model Contact Surfaces Compared with
Numerical Solution of Boynton I

The works of both Hill and Habert and Alden and Habert indicate that I
both the outer shock nose region and that portion of the contact surface where

strongly hypersonic external flow prevails scale as (T/q o ) 1/2 "Strongly

-8-.1
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hypersonic flow" occurs when pressures along the contact surface are large

compared to freestream static pressure. Moran" subsequently demonstrated

by purely dimensional arguments that the entire inviscid plume structure for

highly underexpanded nozzler scales with (T/%, ) 1/2 when the external flow is

LI strongly hypersonic, and as the square root of the thrust divided by the free-

stream static pressure (T/pO ,
1/ 2, with M as an additional parameter when the

00
external flow is not strongly hypersonic. In actual high- altitude plumes, the

external flow is strongly hypersonic in the forward, blunter regions, but not in

the aft, more-slender regions. Scaling by (T/q_ 1/ 2 is, however, still suitable

for these plumes when radiation signatures are considered, since one of the most

[| important sources of radiation is in this forward region !8 )

Albini (15)calculated the inviscid contact surface using the approximationsI] of Alden and Habert. He further calculated the location of the inner shock by

including a mass balance along the inner shock layer. Hubbard pointed out

that neither Alden and Habert nor Albini conserved tangential momentum in the
inner shock layei. He corrected this by adjusting the inner shock layer trans-

verse properties according to the conditions under which streamlines enter the

13 inner shock layer. Hubbard thus obtained more slender contact surfaces than

those obtained by either Alder and Habert or Albini (refer to Figure 3). Note

that since Alden and Havert, Albini, and Hubbard all neglect ambient static

pressure, their models applyto strongly hypersonic external flows. At the time

these calculations were made, no laboratory or field data were available for
comparison.

Ul" Boynton' made a definitive theoretical evaluation of these models by

comparison with the results of a precise numerical computer program employing

a finite difference technique. He showed that Hubbard's method of calculating the11i plume contact surface gives satisfactory results for a suitable form of flow in

the undisturbed jet core, provided that the centrifugal correction is omitted in the

outer shock layer. With these modifications, Hubbard's method yielded a
contact surface which overlaid the nimnerical solution for one case considered

11 (this is shown as the broken curve in Figure 3).

..... . I
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Boynton also demonstrated ihe level of development of computer tech-

niques in plume calculations. A fairly general treatment of a broad range of Li

plume phenomena is available from Thompson et a118) in which this finite difference L

scheme for calculating plume structure is described and fairly extensive calcula-

tions are shown. Such computerized numerical treatments of complex problems

related to booster rocket flowfields (e. g. aerodynamic noise, flow separation,

etc.) have been highly developed by DOD laboratories, NASA, and aerospace

and research consulting companies. Plume technology development based on

computerized numerical techniques is not further discussed here.

The plume structure scaling used by Albini, Hubbard, and Boynton

1//2
is essentially (T/pd / with other engine and freestream effects plotted para-

metrically. These results have been converted to (T/qo 1/ 2 scaling in Figure 3.

Therefore, scaling the dimensions of the forward re'ion of the plume structure
1/2

with (T/q0° ,/2 appears to be quite useful.

1.1.3 The Nozzle Efficiency 

Recently, Jarvinen and Hill 19 proposed a simple model incorporating

both the hypersonic plume scale and the nozzle efficiency. Their approach

utilizes the plume drag-to-thru3t ratio to express the nozzle efficiency. As shown

in Equation (3) above, D/T is related to CF/CFriax, which is the nozzle

efficiency in realizing its full thermodynamic thrust potential. The contact surface

predicted by the Jarvinen and Hill "universal" plume model is shown for D/T = 0.200

(close to Boynton's conditions) in Figure 3. The comparison with Boynton's

numerical solution is quite satisfactory. However, this is expected since the

universal model is ultimately based upon extensive numerical ca'culations for

ICBM-type engines with nozzle efficiencies comparable to those in Boynton ts solution.

The hypersonic plume scale determines the size of the plume structure

which is modified by the nozzle efficiency. The dominant length scaling for

the high-altitude (vanishingly small nozzle scale) plume with strongly hyper-

sonic external flow is (T/qo1/2. The weaker dependences of plume structure on

the freestream and jet ratios of specific heats, the nozzle exit Mach number, and

nozzle exit angle remain.

-10-



1The freestream ratio of specific heats will have a significant effect

on the air shock layer thickness, hence the outer shock position, and a lesser

1effect on the contact surface location through its effect on the modified Newtonian

pressure coefficient, C P. For inviscid high-altitude plumes, the air shock layer

aerodynamics are virtually uncoupled from the shock layer chemistry. For high

altitudes, where the ambient ratio of specific heats, y is between 1.40 and
1/21.67, the variation in the location of the contact surface (oc Cp1 ) may be at

most about +1%. The contact surface location may be assumed to be independent

of the freestream ratio of specific heats. The nozzle exit angle, if it is small,

has a small effect on plume structure. Since this condition is usually satisfied,

it will be omitted from further consideration.
The remaining parameters of jet specific heat ratio 'and exit Mach

number may neither be neglected nor assumed constant. The question of whether

these may be combined into a single engine-design parameter or must remain as

separate independent parameters now arises. Since these parameters affect the

plume structure through their influence on the undisturbed interior jet flow, consider-

ation will be briefly given to models for jets exhausting into vacuum. In the far-

field (for instance > 10 exit diameters downstream of the nozzle exit) pressure

forces become very small compared to inertia forces so that the flow is radial

with speeds very near the limiting speed. Therefore, the flow preserves its

angular mass flow distribution, f(O),with distance dowvstream from the jet exit.

The farfield flow density, o, is given in polar coordinates in the notation of

Sibulkin and Gallagher's(2 0) center-line decay parameter, B

Bd*20

21(r, O) = 2cf9 5

r

where, r = distance from jet exit, 0 = radial flow angle measured from jet
axis, B( M ) (r/d*)2 PC = engine chamber density,

d* = engine throat diameter p0=0  pO00 (r) = density at 0 = 0.
t

i

'i

l "mmmm m m m mmm m m mm m mJ- • •



U

Note at B does not depend on coordinates because o =0o c r 2 in the farfield. U

Hence, local farfield flow density is a function of radial position, engine design, p
and mass flux distribution. For single calculations, jet flow models of a form U
for f(0) are chosen to closely approximate numerical calculations of farfield
exhaust flow.

The choice of a suitable form for f(0) is not considered here but rather
the way in which y and M may be combined as a single parameter in f(o). This H
mass distribution function is constrained by overall conservation of mass and
momentum in the plume. The total mass and axial momentum which cross a LI
spherical surface centered at the nozzle exit must be independent of r and
equal to nozzle mass flow i and engine thrust T respectively. Then, from jJ
Equation (5;

lh 27TrBd* 2 0 Uli ff(O) sino do (6)
.0

T2 Bd 2  im f(o) cos 0 sin o do (7)

Expressing the mass flow in terms of the maximum thermodynamically realizable

thrust

Tma x = nulim  (8)

and transforming f(O) into a function F(p) of solid angle in polar coordinates,

where p = cos 0, there results

CF j F(x) xdx

Fmax F(x) dx (9)

-12-
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Thus, nozzle efficiency is an important factor in the width of the mass

distriution function. Less efficient nozzles yield fuller mass flow distlibutions

(e.g., sonic nozzles) whereas more efficient nozzles (those with high area ratios)

yield narrow mass flow distributions weighted by x : 1. Since CF/CFmax is a

function of 7 and Me (or A /A*), and since these parameters affect the farfield

only in the fullness of the farfield flow distribution, it is plausible to represent

the mass distribution function f(e) solely in terms of the ratio, CF/CFm.

A suitable one-parameter family of curves f(e;pO) may be used in

Equation (9) to express f in terms of CF/CFmax and then in Equation (7) to

evaluate B. Then, in coordinates normalized by (T/qo), plume geometry

depends upon the engine parameter CF/CFmax. Consider, for example, the

jet-to-freestream dynamic pressure ratio whichusing L,can be written as

~~q. 1f(;l

-2o.8 (10)qo CO 4 0f(O;P8) sinO cosO dO

where q. is the jet core dynamic ratio. This ratio, which occurs in the
pressure balance across the contact surface, play a dominant role in locating

this surface as can be shown by writing a differential equation for this surface! 14 )

Therefore, the plume contact surface may be compactly expressed in terms of

the two parameters L and CF/CFmax(or D/T) as suggested by Jarvinen and Hill.

Preparatory to selection of the test conditions for the HAPRAP in

wind tunnels M and D, Norman, Kinslow, and Lewis noted that engine efficiency

[1 has an important influence on the structure of the inviscid plume contact surface.

While their discussion is based on a particular choice of a one-parameter function,

B f(O; P), they concluded that this parameter plays an important role in the plume

geometry and used it in designing the model rockets. The relation between

II CF/CFmax, the engine area ratio, A /A*, and the ratio of specific heat:;, y, is

shown in Figure 4. Generally, for larger A /A* and Y., the engine efficiencye
is higher.

I
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Figure 4 - The Nozzle Efficiency and Plume Drag-to-Thrust Ratio as a Function
of Engine-Area Ratio and Ratic of Specific Heats

The particular dependence on D/T used in the universal model is

determined from plume momentum balance considerations. It is assumed that

plume dimensions are proportional to the products of scaling parameters raised

to the proper exponents. It is further assumed that the plume contact surface

*has a maximum traibverse dimension y mxlocated at finite axial distance x max
downstream of the nozzle exit. These dimensions are thus expressed as

Y constant (2~F) (11)

DcT d
xx = constant( (- (12

-14-



The plume drag is written

- 2
D = 2q rY (13)

where CD is the drag coefficient. For slender axisymmetric bodies in hypersonic

flow

2CD (314)

where the plume slenderness, - is

:y

max C a-c Tbd
"i' T x cc(15)

I] Equations (11) through (15) then yield

if D 2 (2 a-c)(T \ 2( 2b-d)_i D O--c qo (16)

.1 Both sides of this equation are compatible only if

2(2b - d) 1 (17)

Iand

I 2(2a - c) =1 (18)

Equation (17) is consistent with the (T/qj /2scaling already determined. On the

I basis of earlier work, Jarvinen and Hill assume that axial scaling is independent

of D/T so that c = 0 and a = 1/4. Their universal model shock and interface

Ishapes are then obtained from a numerical solution at one set of operating conditions

-15-



aad redaeed to universal curvez by this scaling. Even with strongly hypersonic

external flow, it is incorrect to exactly scale the outer shock using only these

two parameters, however, this scaling appears to be quite useful and is the most

compact and efficient scaling presently available.

Jurvinen and Hill (1 9) also present plume densities and pressures within

the contact surface which are based on numerical results by the method of

characteristics. However, a number of other flow models are available for

predicting these properties in the undisturbed jet core; furthermore, the develop-

ment of these properties based on inviscid flow does not account for mixing in

the shock laver. The introduction of transport phenomena constittites a new"

p'iase in the development of simple, analytic high-altitude plume models, since the

existing models are unable to provide realistic thermodynamic conditions in the

viscous mixing layer.

1.2 LIMITATIONS OF THE HYPERSONIC, INVISCID PLUME

The strength of the Jar-inen-Hill model lies in its efficient use of

scaling and the ultimate determination of curve shapes from numerical solutions.

The weaknesses of this model result from the particular simplications used.

1.2.1 Inviscid Flow

Spatial Extent of Strongly Hypersonic External Flow

Because Jarvinen and Hill assume strongly hypersonic external flow
throughout the plume, application of their mode! must be limited to those regions

of the plume where the inclination of the contact surface relative to the freestream

is relatively large compared to M- 1 . This criterion may be examined by use
o

of the jarvinen-Hill model in specific calculations to establish a rough guideline

for the spatial extent of the model validity. Consider the pressure distribution

on the plume contact surface, as given by Newtonian theory, with the inclusion

of both dynamic and static pressure termsI2=2qo sin2 a-+
Pbody 0 + P (19)

16
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where a = local plumne contact surface inclination reltive to the fe san

flow. For a small o the ratio of the freestream static pressure to the pressure

along the contact surface is

r2 21-1
- 00c 2 - ) - (2 0 )

Pbody

For a typical ICBM with D/T = 1/6, the Jarvinen-Hill model shows

1- 1 1 at x = 1(see Figure 2 of Reference 19). If the vehicle of interest is

moving at 3 km/sec at 160 km (M = 4.8), then only about one half (57%) of the

surface pressure at x = 1 is due to the dynamic term. For a speed of 6 km/sec

at 200 kilometers, the dynamic contribution to pressure is about 75%. Below

150 kn, the dynamic contribution at x = 1 tends to increase with decreasing altitude

since the speed of sound decreases faster than the vehicle speed, down to 80 to

100 km. As a general rule, the Jarvinen-Hill plume model may introduce

errors in estimates of the shock layer locations for typical trajectories at

distances appreciably greater than one hypersonic scale length, (T/q ° ) 1/2,

downstream from the missile.

Thus this model, as well as those of Albini and Hubbard applies

only to the forward region of the plume. Fortunately this is the most important

flow region from the standpoint of studying most plume radiation phenomena.

The Parabolic Nose

The plume models discussed here assume the contact surface has a41 blunt nose preceded by a strong detached shock. This implies that the missile

body is sufficiently small to cause negligible disturbance to the plume outer

shock and that nozzle exit pressure is very large compared to both dynamic and

static freestream pressures. Both these requiremnents tend to form a lower

altitude bound for the validity of the model in predicting shock structure.

-17-



Missile Body Shocks

When the missile body protrudes ahead of the detached outer shock

produced by the plume, significant vehicle influence on the flow in the outer

shock layer is expected. If we assume that the detached outer shock is not

disturbed when the body length is equal to or less than the shock detachment

distance, a rough criterion can be formed for evaluating this %£ .° me shock

disturbance.

At high altitudes, the plume shock layer density is low and is char-

acterized by relatively slow chemistry, yielding a moderate compression low

ratios across the shock as -y. > 1.4. This leads to a fairly-large shock standoff

distance. Using Lighthill's(22 )estimate of shock standoff distance for flow about

spheres, as a function of shock compression ratio, it appears that typical

missile plume standoff distances are -10% of the detached shock nose radius

given by Equation (4). Therefore, we assume that the plume outer shock is

disturbed by the vehicle when the missile length, I In is equal to the shock

standoff distance,

Im > 0.1 Rs  (21)

The freestream density altitude at which this condition is met is

0o0 2 (/d.) 2  (

where Pc = chamber pressure, uo = freestream speed, and (Ia/d*) = missile-

length-to-engine-throat -diameter ratio.

For an Atlas missile with P. = 5 x 10 N1/ M (_-750 psia), D/T - 1/6,

u = 3 km/sec, and I I/d* 80, the lower altitude Irnit for an undisturbedm0
detached bow shock is -110 km(p - 6 x 10-SKg/m) using the U.S. Standard

Atmospher 2 3 ) Jarvinen and Dyner reported wind tunnel studies in which
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the bow-shock structures retained their blast wave geometry even in cases

ii where the body was larger than the shock nose radius. However, on the basis of

the present criterion, their statement that the Jarvinen-Hill plume model applies

for altitudes as low as 30 km appears unwarranted. For example, a 105 lb thrust

L vehicle, with D/T = 1/6, moving at 2 kIn/second at 30 km would have a (D/q0 1/2

of 1.33 meters and an outer shock nose radius Rs - 0.5 meters. Not only is this

jj shock nose radius smaller than the body length, but it is probably only a fraction of

the body diameter. Therefore, when applying the Jarvinen-Hill plume model, it

should be kept in mind that the missile body may have significant influence at

altitudes below 100 kIn, and that below 40 to 50 km, the usefulness of such a model

is in considerable doubt. Several studies of the outer shock layer structure have
been conducted in which these altitude and flight conditions have been considered.

A recent study by Erlich and Fong 2 4)which examined the interaction of body

geometry and plume flow, is indicative of the present state of the art.

The Contact Surface: Blunt and Not So Blunt

The possibility that the plume forward flow structure may collapse

[j into a pointed body with an attached shock is a more severe limitation on plume

models. Detachment of plume outer shock clearly has an important effect on

plume nose geometry, and has been touched upon by Albini45) and Thompson et al! 18)

For flight Mach numbers in excess of 5 or 6, the maximum semi-vertex angie for

which a shock remains attached to a right circular cone is nearly constant at 570 foroo= 1.4 25) Shock attachment conditions for flow over cones offers a con-

venient criterion for estimating limits for the validity of those plume models

which assume a detached outer shock. This criterion is used below to estimate the

altitude below which the plume outer shock becomes attached, thereby exceeding

the limits of applicability of the Jarvinen-Hill model.

A simple criterion for plume outer shock attachment has been suggested
(26)I by Plotkin and Draper . They determined the initial angle of the contact sur-

face at the nozzle lip by balancing external pressure, determined by the Newtonian

approximation, and internal pressure, determined from the Prandtl-Meyer function.

i -19-
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The shock was assumed to be detached when this angle reached 570. Their

calculations have been extended here to a larger range of engine area ratios,

altitudes, and specific heat ratios as illustrated in Figure 5. In this figure, i
for a given missile, there exists a horizontal line of constant engine area ratio,

Ae/A* as the missile gains altitude. The outer shock remains attached until

this horizontal line intersects the curve labeled with the appropriate value of

engine specific heat ratio, -/j. This intersection occurs at 260 km for a missile LI
with A /A* = 60 and vj = 1.3. It should be noted that a missile speed of 3 km/sec,

a chamber pressure of 6.9 x 106 NT/M 2 (1000 psia), and a non-divergent nozzle

exit have been assumed in constructing Figure 5.

From Figure 5, it appears H
that,for existing ICBM's , the outer U

shock is detached for altitudes above
210 £9

80 to 120 km. This conclusion is

supported by observations of plume 180

nose-radii (Hill and Habertf1 0 )which are 1.15 1.20 Yj "1.26J
shown in the upper right-hand corner MISSILE SPEED 3 KM/SEC

I50 C AI BER PRESSURE

of Figure 2. In these observations, 6.9 x Z06 /LE (E00 PSLE *N OZZLE EXIT ANGLE-0
the largest deviations from the blast ._

* 120

wave prediction occur at the lowest

altitudes and where the blast wave 0

theory, which predicts a blunt nose, BOW SHOCK 13

ATTACHED > - OH C IION 09F As IL

might be inapplicable. 60 MISSILE
80W SHOCK

significant conclusion OCLASS L. ETACED 1.3

to be drawn from Figure 5 is that a 30

special class of high area ratio, high 1 A1.4-0RHL L M I C
iJ,VN IHILL PLUME MODEL VALID FOR TYPICAL

specific heat ratio rocket engines 0 .LARGEMN
50 150 250 350 450 550

characterized by very slender plumes ALTITUDE, km

appears to exist. Due to the very

narrow jet flow distribution character-

istic of su-h engines, the current blunt- Figure 5 - Shock detachment altitude

nosed plume models would overestimate

their nose radii. Even at -20-
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very high altitudes, the maximum inviscid expansion from these engines (here
neglecting nozzle boundary layer flov 2 7) ) is insufficient to cause plume outer

shock detachment. Care should be taken, however, in using inviscid flow
fconcepts, since relatively low Mach numbers in the nozzle boundary layer allow

for a larger Prandtl-Meyer turning angle at the nozzle lip. With the present

criterion, we suggest that for t his class of engines, having large engine area ratios

and large ratios of specific heats, exhaust plumes may be relatively sharp-nosed
hypersonic bodies.

The Jarvinen-Hill model describes blunt-nosed plumes generated by

engines with nozzle efficiencies characteristic of typical ICBM's (i.e., CF/CFmax

napproximately 0.8 to 0.9 and plume
drag-to-thrust ratios of about 0. 11 to

"l 0.25). This model does not apply to

la A°I sharp-nosed plumes from high-
PO°XTLD 11101 ALTITUD I.,efficiency (i. e., low D/T) nozzles.1111M ATriIIL "1SIOk I

)

.00, Figure 5 together with Equation (3)
1 34 'suggest a correlation of shock detach-[ARIINW,1.,,L 143019 . ment altitude with D/T which is

0. . .... 4AILL .. illustrated in Figure 6 where the nozzle[I :A ,, 11101 efficiency is plotted against the altitude

0.7 4 at which shock attachment occurs.
11l1131 l .$ This presentation results in a natural

0.000,, P . dviio between blunt-nosed plumes

oand sharp-nosed plumes
0 50 " 400-. (CF/r a >0.92 or D/T <0.08)

UV! AXin the altitude range of interest. The

flight regime below and to the right of

the shock detachment curves is suitpble

Figure 6 - Correlation of Plume Nose for application of the Jarvinen-Hill
Shape with CF/CFmax model. The plumes in the flight regime
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to the left and above these curves are not presently described by any

available models. Note that these regimes shift somewhat with engine

design and trajectory. They should be recalculated for Individual missiles

and trajectories which deviate markedly from the nominal conditions i_
shown in Figures 5 and 6.

Longitudinal Internal Scaling LI

With arguments based strongly on the blast wave theory "Sedo4 2 8 )and

TayloRi Hill and Habert(1 %eveloped longitudinal and transversb plume scaling LI

parameters incorporated in the universal plume model of Jarvinen and Hfll( 19 )as

= x(q/T)l2 (23a)

and

A y [qJ(TD)1/2] 1/2 (23b) 1

respectively. The considerable success of this scaling apparently comes from

the fact that the dominant length scale in both x and y for highly underexpanded _

plumes in strongly hypersonic streams in (T/q 1/2, which was shown to be

appropriate by purely dimensional arguments.( 14 ) The transverse dimension
is distorted also by the parameter (D/T)1  as is seen by rearranging Eq. (23b)

as = y(q /T) 1/2 (T/D) 1/4. This very weak dependence upon a parameter

which does not vary greatly for engines of practical interest is the only additional

scaling provided by the blast wave analogy. The analogy itself is extended

beyond its limits of validity when applied to relatively blunt regions of the plume

nose radius. The scaling given in Equations (23) is examined here in the limit

of very small D/T where the exact scaling is known.

The dominant scaling parameter for both axial and transverse plume

dimensions is (T/q0 1/2 for highly underexpanded plumes in strongly hypersonic
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streams. If the rocket nozzle is limited to only those with hypersonic exit

Tconditions (equivalent to small D/T as shown below), the hypersonic slender

body theory of van Dyke3 0 )applies to the flow within the plume, yielding a

scaling in exit Mach number, Me, and (T/q.4 as

x x (qo/T) 1/2 Me -1 (24a)

and

y y (qw/T) 1/  (24b)

with no explicit form for the dependence of scaling upon vj. Clearly, the

' scaling of Jarvinen and Hill fails in this limit, since Equations (24) show that,

at least for fixed -y, transverse dimensions are unaffected by changing D/T

[ I (through changes in Me) at fixed (T/qoJ. Equations (24) show the familiar

longitudinal stretching with M,, which is absent from Equations (23).

il The plume fineness ratio, or ratio of transverse to longitudinal

scales, predicted by these equations can easily be examined in the limit of

ML Me>> I since D/T reduces to

~ jD/T 1 CmXCF) - Y 1-1 M-2 (25)

fThus Equations (23) become, in this limit,

A 1/2i x x(qT)

and (26)

A /2( -11/4M 1/2
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yielding a plume fineness ratio of ii

1 cc(4 - -  1/ 2  
(27)

l

whereas Equations (24) yield the proper theoretical limit :11
T cc Me 1 - f(yj) (28)

where f(y.) is an unspecified function.

This development shows that the universal plume model of Jarvinen III
and Hill, which contains a very weak D/T scaling dependence, does not yield

the proper limiting forms for longitidunal or transverse scaling or their ratio J
when D/T is very small. It is not meaningful to attempt an evaluation of their

model for large D/T since, for a sonic nozzle with j= 5/4, D/T is only f
2.0. Therefore, the model is confined to a D/T range somewhat smaller than

unity, where (D/T)I/4 varies only slightly. I
Description of the viscous layer between the jet and freestream gases

has been a major concern in high-altitude rocket radiation studies. The dis-

continuities in velocity and total enthalpy along the plume interface in inviscid

theory must be replaced by smooth property profiles in the actual situation with 1
transport phenomena included. As the missile climbs it moves faster in a hotter -!

and less dense atmosphere, and the freestream mean free path increases in

relation to the plume scale, consequently the portion of the flowfield dominated by .1
these transport processes grows. At still higher altitudes, non-continuum or

rarefaction effects must be considered. In this section, we make a somewhat

artificial separation of these effects and discuss continuum, viscous processes;

rarefaction effects are discussed in Section 5. For the low densities considered I
here, the laminar character of mixing layers should be insured by the very

small Reynolds numbers (-5 104).
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Vasili 3 1 )was among the first to consider the viscous region in jet

!fj plumes at lower altitudes, where turbulent flow occurs in mixing layers. Using

the boundary layer equations with a streamwise pressure gradient, he considered

Ly[ chemical produaion and heating in this layer. Thompson "kater extended the study
by including effects of traverse pressure gradients. Recently Tannehill ( 32 and

Fannehill Anderson ( 33 ) studied the turbulent mixing layer for intermediate altitudes

using a modification of the MULTI-TUBE (34) finite difference program to include

chemical reactions. They concluded that the chemistry proceeds so slowly at

intermediate and high altitudes (> 50 kin) as to be unimpar-tant in determining

thermodynamic properties in the mixing layer. Calculations are being extended

to high altitudes by Boynton(3 5) using the MULTI-TUBE program.

The inviscid plume models provide no information on either the viscous4layer dimensions or thermodynamic properties. The inner shock layer properties

presented in the Jarvinen-Hill model are based on (inviscid) calculations by the

Li method of characteristics.

In such calculations, the jet gas flow along the contact surface has under-

iljj gone a nearly isentropic compression whereas jet gas which enters the inner shock

layer further downstream passes through an increasingly stronger shock with

icreasing entropy rise. This entropy variation and the centrifugal pressure

gradient lead to rapidly increasing densities toward the contact surface while the

static temperature profile remains comparatively flat. In high-altitude plumes with

strongly hypersonic external flows, mixing of the cold inner shock layer with the
hot oater shock layer and dissipation should substantially increase mixing layer

temperatures and reduce jet gas densities below the prediction of the Jarvinen -

Bill model.

The Jarvinen-Hill model19)offers a useful form for reducing plume
mixing layer measurements. By making a mass balance in the inner shock layer,

4 U they obtain a reduced density
~- os (gIsp'2 [C Fmax]

0- 2cq [OF] (29)
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where ot = he inner shock layer density and gsp = Ceff, the effective engine

speed. Using T -c ceff and (ao/-n = (- - 1)/2, their reduced density can

be rewritten as

DC'-- i l (30)

where the subscript c refers to engine stagnation conditions. This form is useful j

for the HAPRAP mixing layer data analysis as it includes the inviscid parameters

(chamber conditions, hypersonic scale, and engine geometry) which control the

mixing layer densities.

We now look at the parameters controlling mixing layer din.ensions in

cases where viscous effects are significant but do not dominate plume structure.

An inviscid aerodynamic theory may predict plume characteristics accurately

only if the viscous shear layer between exhaust and ambient gas is thin compared

to the distance from this layer to inner or outer shocks. A study of a criterion

for inviscid flow for blumt body flow can be based on the order of magnitude
3~61arguments from Hayes and Probstein 6 For hypersonic flights of rockets with

moderataly thick exhaust plumes, the thickness of the shear layer at the plume

boundary (6) is ordered as

, 21/2 [ r uco 2 11/2
S - I e0 L (Re T2 (31)

where E = (yo - 1)/(-yoo+ 1); u, f , and p are representative values of viscosity,

temperature, and pres -ure in the shear layer, and Reynolds number is based on -- 1/2
stream conditions and hypersonic plume length, L = (T/qo1/. The distance,

A, from the shear layer to the plume outer shock is typically

A OEL" (32)
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By simple argmnents based on the kinetic theory, Knudsen number (n) is

related to stream Reynolds numier (Re-) as]L
A -1

~L Kj -~~Rj (33)

where A, is the freestream mean free path. If the temperature dependence of

iscosity is pproximated by p cc 4 and if hypersonic shock relations are used

to order pressure and temperature as

M2  e/eEM (34

then Equations (31) through(3:4 combine to yield the ratio of shear layer thickness

[to shock layer thickness

H 6/A o -3/8K 1/,2 M1/4(5
6 E Kfl- M /4(35)

4jContinuum flow is assured if the raio of mean free path, X , to relevant

flow dimensions is sufficiently small in all disturbed parts of the flow field. Here

we consider the region between the bow shock and the shear layer where the appro-

I. Ipriate ratio is A/A. However, A/x is of the order of c M 1/2 with the above

viscosity temperature relation, thus

0 - 5/4 1 1/2 2o M 1/2
A/A ON L) E =(36)

The inviscid flow theory is only valid for very small values of both

[I /A and 6/A . The latter criterion is clearly more stringent. The weaker

criterion of very small A/A , which insures continuum flow but not inviscid flow,

Uis satisfied by t'yvical rockets to much higher altitudes than the first criterion.

Failure of the inviscid flow criterion results in substantial cross diffusion of

[J ambient and exhaust gases and thickening of the mixing layer structure. The
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impact of viscous effects on inviscid theoriesfor Aume structure predictions

cannot be assessed quantitatively at this time, however, present measuremen-ts

should be applied with considerable caution in any comparative evaluation of

inviscid plume theories. I
In conclusion, inviscid plume models cannot adequately express the

mixing layer conditions so!hat chemical-radiative calculations can be carried

out. However, the inviscid calzulations supply a technique for mixing-layer

data redu ction such that viscous ihenomena effects are mnr. pncilv -indipA -

Moreover, within the moderate range of flight Mach numbers of interest, it appears A
that the prime parameter for describing the viscous- rare fraction development of

the freestream-jet interface region under study is the plume Knudsen number.

1. 3 AREAS FOR IMPROVEMENT IN THE PLUME MODEL

The principle areas for improving present plume models fall into two
general groups: inviscid and viscous. It is useful to preserve the assumption

of strongly hypersonic external flow since, as has been mentioned, the radiating

region occurs in the forward blunter region of the plume where Newtonian theory I
applies for most cases of interest (i.e., flight Mach Numbers -6-10). Therefore,

we consider that the plume structures of interest are located within one hypersonic

scale length of the missile T < 1.

Inviscid Effects

To insure the validity of the simplified far field form for the undisturbed

jet core, the plume body must be small compared to the flow scale. This condition

seems to be met according to the fairly conservative criterion represented by

Equation (21).

Although present ICBM's satisfy the criterion for blunt plume noses with

detached outer shock at altitudes above 80 to 120 kin, classes of vehicies and

ranges of operating conditions appear to be feasible for which the plume structure

would be slender at all altitudes of interest. Present plume models should be

extended to allow for such slunder goemetries.
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The failure of the Jarvinen-Hill model to provide proper scaling in

the limit of hypersonic nozzle exit flow can be remedied by incorporating

the proper scaling given in Equation (24). This is especially important for

CF/CFmax > 0.90 (D/T < 0. 10), not for the general case. Some HAPRAP data

will be used to study plume scaling for hypersonic nozzle exit conditions.

Viscous Effects

The simple plume models provide essentially no information about vis-

cous plume structure. In the presnt work, HAPRAPmeisurements are coupled with

theoretical considerations to develop a better understanding of viscous effects

in plumes. The primary regions of interest are:L -1. Development of parameters basic to description of the

viscous mixing layer;I! 2. Assessment of the degree to which HAPRAP experiments

simulate viscous structure in the high altitude plumes,

3. Determination of the relevance (if any) of inviscid plume

models(e. g., the hypersonic scale and dimensions) in

viscous plumes.

4. Examination of the HAPRAP measurements of viscous

J1 mixing layer structure to establish which features

display the influence of viscous parameters and which

Lprovide inputs to the ultimate task of analysis of plume

chemistry and radiation;

5. Formulation, based on previous work and on the HAPRAP

measurements, of density regimes which distinguish

qualitatively different plume features, for use as a guide

to calculations and field data analysis.

-29
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I Section II

VALIDATION OF THE MEASUREMENTS

The validity of the HAPRAP plume structure studies is examind i
this section. Considerable attention to validation has already been given in con-

nection with data reduction in the work of Norman, Kinslow and Lewis 211

I Smithson, Prince and Whitfield (37 ) and Price, Powell and Moskalik. 3 ) The

purpose here is not to reexamine their experimental techniques but rather to

consider the HAPRAP data wiih a view of verif.ing and upgrading the hyper-

sonic plume models discussed in Section 1. This view may ascertain whetherIcertain HAPRAP measurements which do not support present hypersonic

plume models point to experimental limitations or to the occurrence of additional

phenomepa not accounted for by the models.

The goals and methods of the HAPRAP study are described below.

f ,There follows studies of gas dynamic aspects of the measurements and elec-
1L tron beam techniques. The final section briefly summari7es this data valida-

tion study.

2.1 THE HAPRAP MEASUREMENTS: PURPOSE, TYPE, SCOPE

The principal goal of the HAPRAP (plume-freestream interaction)

wind tunnel studies is to obtain information about the viscous interaction region

betweern the freestream gas and engine exhaust species. These objectives are(3 9)

to:

1. Determine the effect of altitude on the size, location and

gas-dynamic characteristics of the mixing layer between

the exhaust jet and the freestream.

Preceding page blank
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2. Establish criteria for predfcting where continuum

flow models become inadeq.aate due to rarefaction

effects.

3. Study the wind tunnel simulation of high altitude

rocket plumes.

In these studies the wind tunnel formed a primary supersonic or hyper-

sonic freestream in which a secondary plume flow v'as immersed. The inter-

action between the two flows was studied by the pitot probe surveys and electron

beam fluorescence recorded qualitatively in flow visualization photography and

quantitatively for each gas species using a filter-photomultiplier-ammeter-

recorder package. The experimental setup is schematically represented in'

Figure 7. The separate experimental arrangements for each facility (wind

tunnels M, D and ASC(10V)), the data acquisition processes, and the calibration
procedures are described in References 21, 37 and 38.

ELECTRONPBEA

APPARMPTUS

MODXL ROCKET ENGINE

NOZZLE

TUNNE INTERACTION FLOW

RADIAL NOTIO

TU4M

plumeO rait rPITOT PRESSURE PRBE- JET

ARD FREIPTREAATULRW

SHOWN)

PLU14E GENERATOR "|
TOTAL PRESSURE }PROBE .OTION
AND TEMERATURE RADIALJ

Figure 7 - Jet-freestream interaction experiment setup for the high altitude

plume radiation program (HAPRAP).
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The influence of relevant boost phase missile parameters on plume

properties was studied by varying each parameter separately. Seven sets of

experimental conditions were selected for tests in tunnels M and D, to deter-

mine the effects of D/T, (T/q.,) and jet gas specific heat ratio on plume prop-

erties, and to attempt to simulate major plume features for a specific flight

situation. With the same objectives, a much more extensive study (- 100

separate runs) was conducted in the Aerospace Chamber 10V, ASC (10V), over

broad ranges in nozzle stagnation pressure and stream dynamic pressure. In these

studies the nozzle axes were oriented coparallel with, perpendicular to and
opposed to the freestream. The combined tests covered a range of two orders

of magnitude in plume Knudsen numbers extending from fully continuum flows

to flows well within the transitional regime.

2.2 GASDYNAMIC EFFECTS

Iii Gasdynamic phenomena which may disturb the simulation sought in

the HAPRAP studies are examined. Nonisentropic processes such as condensa-

tion and freezing of internal energy, and disturbances associated with wind

tunnel testing are perhaps the most important areas of examination. These

and other effects are discussed below.

Gas Condensation

F1 Condensation of jet gases within the nozzle and the undisturbed jet

core may significantly affect the plume structure. Estimates of the degree

and effects of condensation are difficult due to limited available measurements.

Of the three jet gas species (He, Ar, CO2) used in the HAPRAP studies CO2
will condense most readily. Consequently only CO2 is considered in the present

discussion.

Condensation is possible when the vapor becomes super-saturated.

However, the rate of condensation is limited by the rate of formation of nuclei

(clusters of a size suitable to growth). The nucleation rate, or nuclei formed

per unit volume per unit time, is (4 0)
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_ )2 m c 2.1/2 [ -4r(r') 2 /3kej (37)
ke L "-k exp 

where

U
p = gas pressure

PL = liquid density 1
M = molecular wt.

2mc(r' PLki log(p/pv) (38)

where Pv is the flat film vapor pressure of the liquid at e.
As J is very sensitive to a, and to gasification corrections not

included in Equation (37), it is not feasible to predict the condensation rate

a priori, but Equation (37) m :y be used to extrapolate available data! 41 ) Tnus,

assuming o- and PL are constants, the necessary P/Pv to produce a constant

nucleation rate, as T is varied, can be found from Equation (37) as,

log ._ [lo 2
v e log J/p - log C111

where p is gas density.

If we assume the onset of condensation occcurs at a certain value of

J/p then the pressure for onset of condensation is given as a function of temper- I

ature by Equation (39). This relation is used to extrapolate the data of Duff (4 1)
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iE1 to yield the broken line in Figure 8. Also shown in Figure 8 are isentropes

corresponding to two HAPRAP runs with CO 2 as the jet gas, which cross the

curve for onset of condensation at jet pressure of order 0. 1 psia.

LENGTH SCALE FOR DATA FROM
101 100 CONDENSATION IN DUFF'S 8 n

EXPANDING JET (INCHES) NOZZLE,
.REF (41)

|LENGTH SCALE FOR

FLOW TIMES TOO ' Z

10-1 10 SHORT TO OBSERVE
CONDENSATION

.EFFECTS I
~~10

10-1
tt

I] NOZZLE EXIT CONDITIONS

Q -CASE lAB @" iCASE IAC E)
I CASE IAA
- CASE 1 A

10 5 PCO CASE lAB, #7 
CASE 2 3EXPANDING JE' CASE 3 0

CENTERLINE CASE 6 #
FLOWS DOWN- CASE 6 E
STREAM OF CASE 7 012 NOZZLE CO2 SATURATION
EXITS LINE

NUCLEATION RATE[I (J/p) CONSTANT

0 50 100 150 200 250

JET CENTERLINE TEMPERATURE, 'K

iI Figure 8 - Evaluation of appearance of macroscopic condensation effects
in HAPRAP jets
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The occurrence of onset of condensation alone does not indicate ii
significant condensation without a sufficiently rapid droplet growth rate. The

theory of droplet growth is subject to uncertainties in the droplet's thermal 1
balance, most of which stem from uncertainty in accommodation coefficients.

If we assume that the ratio of drop temperature to vapor temperature is con- I
start, then the droplet radius change as

1ldr {.__P p } P (40)
rt = Constant (T)01/2 cc (40)

r'9 dt1/2 el92  A

where EL is the droplet temperature and p is the vapor pressure over the

drop. Thus the time scale for droplet growth is proportional to e1/2/p.
Typically the square of the jet velocity is proportional to jet stagnation

temperature, which for fixed nozzle geometry is proportional to local jet

temperature. Thus the length scale for droplet growth is proportional to

p Duff's data show significant condensation effects at p 10 psia in a

length scale of about one inch; this provides the lei. th scale ordinate in

Figure 8, which is to be interpreted as the minimun flow field length required

in order that condensation effects be noticeable. Nozzle exit conditions are

shown in Figure 8 for the HAPRAP coparallel flow CO2 jets. With the exception
0

of the ASC(10V) facility case No.1 (ec = 280 K) which will be discussed further,

all points lie to the right of the CO2 saturation line. Consequently for these

cases condensation does not occur inside the nozzle. Outside of the nozzle

droplet growth rates are sufficiently slow to insure no significant condensation.

This is shown by the expansion lines for cases IAB and No. 7, for which the

flow time available for drop growth is an order of magnitude too small to allow

appreciable effects of condensation in the portion of the flow field examined in

-36-



the HAPRAP studies, i.e., within about 14 in. of the jet nozzle. The only

HAPRAP case for which the expansion isentrope crosses the saturation line

inside the nozzle is case No. 1, where c =280 OK.

In the HAPRAP data analysis of electron beam fluorescence photo-

graphs, shock coordinates were normalized by the hypersonic scale (T/o)2.

The outer and inner plume shock positions are plotted in these normalized

coordinates in Figure 9 for cases No. I and 2 in the ASC(10V) facility. These

cases have the same nozzle geometry, jet gas, jet stagnation pressure, and

plume scale. The principal difference is jet stagnation temperature, for case

No.1,280 0 K c < 478 0 K, while for case No. 2 ec  700 K. Our previous

--consideration in Part I of the hypersonic plume scaling indicated that the shock

structures should not depend upon 1 c" However, that development does not

include condensation effects which may have existed in case No. 1 according

to the arguments above. When the flow condenses within the nozzle the released

heat of vaporization lowers the nozzle exit Mach number thus decreasing the

nozzle efficiency, CF/CFmax (increasing D/T), which should result in a broader

plume structure. Therefore we might expect a rather abrupt shift in jet dimen-

sions as the nozzle stagnation temperature is decreased to the point where satura-

tion occurs within the nozzle. This may be similar to the retrojet freestream

shock jump reported in Ref. (37). On the basis of this analysis the differences

in normalized shock locations between cases No. 1 and 2 (Figure 9) are believed

to result from the occurrence of significant condensation in case No. 1. We

further conclude that condensation is neglibible in all other HAPRAP runs.

These conclusions are qinnorted by observations of jet condensation

by both Golomb (42) and Beylich. (43) Golomb observed condensation in CO2 jets

and in Ar jets using a mass spectrometer located behind a cooled skimmer

about 103 orifice diameters downstream of the nozzle. The source stagnation

Hpressure corresponding to maximum centerline dimer concentration was

observed for fixed stagnation temperature. By viewing this maximum as

indicative of "massive condensation,' he obtained a plot of nozzle conditions

(stagnation pressure vs. temperature) for determining the appearance of
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condensation. These "condensation plots," indicated the occurrence of con-

densation withGolomb's sonic nozzle A, for CO2 jets, when e. < 400-500 0 K

with P c' 20-60 psia (3 x 10 3 torr).

SYMBOL CASE P,(ps1) Tc(*K) COO d/f

1.2 ,1 140 478 10.1 .389
120 478 17.6 .224

#2 140 700 10.1 .3691.0 70 685 10 .0 .394

D/T - 0.1992 (isentroplc) "

.8 I

1OUTERSHOCKS
.6

.4 .----- ..... JINNER SHOCKS t m e au e

o.I2

0 21

Figure 9 - Shock location dependence upon nozzle chamber temperature.

This point can be developed further using one dimensional con- .1
densation calculations presented by Beylich (4 3) which predict condensation to

occur when saturation occurs inside his nozzles. This is supported by his

measurements where stagnation temperatures ranged from 290 to 495 0 K. If

Beylich had extended his studies to higher stagnation temperatures, saturation j
would not have occured inside the nozzle and the onset of condensation would have

occurred in the free jet. Beylich's Figure 8 suggests in this case that no sig-

nificant condensation would occur in the free jet for stagnation temperatures

above about 600 OK.

It is noted that the absence of condensation in the HAPRAP tests is not

fortuitous but the result of the nozzle design effort described by Thomas and

Stewart. (44) We conclude that their design goal of avoiding jet condensation

has been achieved.
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Internal Mode Freezing

L Rapid decreases in collision frequency with distance along

streamlines in expanding flows results in freezing of internal modes in molec-

I ular gases leading to an increase in effective ratio of specific heats which in

turn may have a significant effect on plume structure. The plume contact

surface is located by a balance between jet and ambient dynamic pressures.

SL Internal mode freezing which typically occurs at large local Mach numbers

with little effect on the flow dynamic pressure and so should have little effect on
_ L the contact surface location. This is not the case for the shock locations. The

vibrational modes remain virtually frozen across the low density, oblique,

hypersonic inner shock, thus causing a reduced shock density compression

ratio. Occurrence of vibrational mode freezing, therefore, significantly

increases the distance from internal shock to contact surface (to accommodate

the flow at reduced density in this region) but should have little effect on theLcontact surface.

Selected pitot probe data have been reduced to jet centerline static
pressure versus distance from the nozzle exit. The farfield jet static pressure

should vary as x . Figure 10 shows the data are closely represented by a

straight line, with slope corresponding y = 1.29. This value of jet specific

heat ratio suggested in Ref. (37) is 1.27. Only a suggestion of gamma shifting

appears as a slight dip in the data below the dashed line just upstream of the

Mach disc. This small effect appears typical of the HAPRAP runs and such

changes in the value of the specific beat ratio will be neglected.

Pitot Probe Calibration

Pitot probe measurements are affected by rarefaction phenomena in

4' the low density flows studied. Norman, Kinslow, and Lewis (21) have described

and carried out the probe rarefaction adjustment and plotted corrected CO2 and

N2 impact pressure results from tunnels M and D. A low density flow calibration

curve for the ASC(10V) pitot probe has been provided by AEDCP5) The probe

calibration also varies with jet and freestream species mixture ratio as the

probe traverses the mixing layer. Determination of the mixing layer conditions
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Figure 10 - Pitot probe measurements compared with farfield jet calculations I
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by pitot probes requires both rarefaction corrections and additional information

on the mixture ratio. However, the individual species profiles are also obtained

independently via the electron beam species concentration measurements. This

latter method is the better one for studying the mixing layer structure and the

pitot probe data is used below only to determine shock locations. Hence the

pitot probe calibration is not considered further. It should be pointed out that

the pitot probe surveys were originally intended as the basic source of flowfield

data. Subsequently it developed that the electron beam surveys were far more

extensive than originally conceived and can he relied upon to supply the miring

layer flowfield data.

Strut Shock

Model rockets were suspended in the freestream by a strut which

generated a disturbed flow on one side of the model plume. Without azimuthal

surveys of plume densities the extent of this disturbance is difficult to assess

from the data. Certainly the disturbed plume region increases as the freestream

Mach number decreases, thus the case No. 1-3 plumes in tunnel ASC(10V), which

have the lowest freestream Mach numbers (MO - 3.6), were most strongly
perturbed by strut effects.

Examination of the electron beam flow visualization photographs (4 5 )

for those cases (Nos. 1-3) does not show disturbances caused by the st. at on that

side of the plume 1350 away from the strut azimuthal location (off-strut side
of the plume). All the shock locations considered here were taken from the

off-strut side of the plume. With certain exceptions external shock data tabulated

in Ref. (37), when normalized by the scaling parameter ( T/q 1/2 all lay

along in a restricted zone with a scatter of -30(, . Exceptions lay - 200% above

this curve. Reexamination of flow visualization photographs (45 ) showed that in

these exceptional cases the shock shape tabulation of Ref. (37) was obtained

from the strut side of the plume. (e.g. case No. 5, PC = 10 psia,

if ec = 588 0 K, Figure HI-47 of Ref. (37).)
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Freestream Flow Uniformity

The freestream in tunnel M was found to be quite uniform. The|

flow vector lay within 0. 3 of the tunnel axis at the plume outer shock periph -

ery for case No. 7. In the ASC (10V) tunnel the model rocket was mounted j
4 in. off the tunnel axis to make best use of the uniform core. This also

has the advantage of insuring more nearly parallel freestream flow on the off-

strut side of the plume (6 in. off the model rocket axis, 2 in. off the tunnel

axis, on the off-stirut side of the plane, and 11.7 in. downstream of the

tunnel exit). In contrast, were the model rocket mounted on the tunnel

flow axis, the freestream at the same location for case No. 7 would diverge

1° from the tunnel axis. Axial and radial pitot probe surveys determined

the spatial extent of the uniform freestream region, and disturbed regions

were avoided in the plume studies. 3
Other Effects

Boundary layer growth in the model nozzle and influences on the

plume outer shock and viscous region by the model body are discussed later

with respect to simulation of full scale rocket plumes.

2.3 ELECTRON BEAM CONCENTRATION MEASUREMENTS

The electron beam technique provides the most important body of

HAPRAP flow field data because each species concentration is unambiguously

determined and the measurement system responds linearly in the range of

species concentrations studied. This is not the case for the pitot probe data in

the same flow field. However, several potential problems associated with the

electron beam technique require examination. This section examines the electron I
beam data and its application for deducing valid estimates of plume properties.

.-
1

.1
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L 2.3.1 Flow Field Concentration Measurements by Electron Beams

Multikilovolt electron beams can excite molecules and atoms which

subsequently result in radiative emissions. The emission may be used as a

diagnostic to determine the number density of the radiating states as well as

the ground states which interact with the electron beam. The technique of

using electron beam fluorescence requires knowledge of the processes affecting

the population of the radiating state. These processes include primary and

secondary (resulting from previous electron-ionization processes) electron

Texcitation, collisional nonradiative deactivation, radiative lifetimes and

radiation trapping of strong resonance lines.

The emission per unit volume from radiating states is given by the

relation

I (jaexc[])I 1 ) 1(41)ex ID d [ Y ] + 1/Trad "TX(1

where

a ex = effective excitation cross section

[x] = ground state number density

TX = lifetime of observed radiation

Trad = lifetime for all radiative transitions from the
excited state

k = collisional deactivation rate constant in collisions
d with species Y

[Y] = number density of quenchant s,,(cies, Y

The first parenthesis gives the emission without effects of collisional

deactivation, resonance trapping and other radiative paths. The term kd I y] is

due to collisional quenching. The lifetime Trad of the excited state includes

the effects of radiation trapping, if any.
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Provided the exc ted states are not transported out of the radiometer

field of view 'iefore they radiate, the emission given by Equation (41) offers the

basis fcr remotely analyzing a gas flow. The following sections will examine the i
extent to which the complicating factors given by the second parenthesis in

Equation (41) affect the HAPRAP data.

2.3.2 Validity of the Concentration Measurements j"f

The HAPRAP simulated plume electron beam measurements are the

first large data body on the hypersonic plume mixing layer region. The accuracy j
of these measurements must be determined. It will be necessary to show only

that the concentration measurements behave linearly with species concentrations -i
within the range of the plume data (even for the binary species mixing layer)

and can be absolutely calibrated by independent means (e. z., not relying upon -|

measurements or calculations of a exc).

Linearity and Accaracy of Concentration Measurements

The following linearity and accuracy tests of the electron beam

measurement take advantage of independent knowledge of the experimental .

aerodynamics conditions:

1. The freestream species concentration upstream of the

plume shock known from the wind tunnel conditions

2. The undisturbed jet centerline density found using

method of characteristic (M. 0. C. ) computer

calculations

3. The jet integrated number flux using electron beam

measuiements which remains constant with distance .1

down iream from the jet exit plane.

-1
.1
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Jet Species Concentrations

The electron beam survey along the jet centerline also provides a simple

test of the jet species concentration measurements. Linearity can be checked
because the jet centerline concentratior varies as 1/x in the fily developed
jet flow regime many exit diameters downstream where x is the distance from

the jet exit plane. The centerline concentrations are undistubed by the external

flow (until the Mach disc regime is reached) and thus relatively easy to calculate.
Jet centerline concentration profiles have been obtained from both an "exact"

numerical techniques, the Lockheed M.O.C. program (46'47' 8) run by ARO, Inc.

of AEDC, Tullahoma, Tenn., and a simple farfield flow mode 4 9 ) In Figure 12

the ASC(10V) facility jet centerline electron beam measurements( 3 7) for case

No. 7 with CO 2 are compared with both computation techniques.

2The electron beam concentration measurements show the 1/x as
illustrated by the farfield model's number density slope, the solid line labeled

[CO 2 ]. The measured concentrations appear to fall about 10-30% below the

magnitudes indicated by the Lockheed M. 0.C. solution. This difference between

the measured and static calibration jet concentration is in agreement with

Figure 11 for the freestream gases.

A later version of the Lockheed M. 0.C. program (50-53) gives

smoother profiles for two high area ratio, high specific heat ratio nozzles
'Tunnel M case IB and ASC(10V) case No. 5(37)) until the calcLlation terminates

due to numerical difficulties associated with the very high Mach numbers

(> 38. 6) encountered in these flows. The calculations stopped before reaching

the region in which the concentration data shows a 1/x 2 dependence (i.e., in the

fully developed exhaust flow where species self-quenching is negligible) and
where comparison of the measurements and calculations is meaningful. The

results of these latter calculations are not shown here. However, the cr-m-

parison available in Figure 12 show that the ASC(10V) electron beam concentra-

tions are:
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1. Correct for the principal jet species (CO2 ) to within
10-30%9,

132. Linear over the concentration range from 2 x 10 -

9 x 1014 cm 3 (This covers the range of interest for

mixing layer densities shown on the right-hand side

of Figure 12.) 1

The electron beam concentration measurements are linear and

their absolute calibrations are known for the tunnel M, D and ASC(10V) free-

stream species, and for the ASC(10V) jet species, CO 2 . The centerline

concentrations for the other ASC(10V) jet species, Ar, were not obtained from

the M. 0. C. calculations. The same is true of the helium jets which were

used in tunnels M and D for the electron beam concentration measuremen(21)

These jet species calibrations are discussed in the following section.

Jet Particle Fluxes

The steady state flux of jet species remains constant from one axial 1
station to another. Therefore, since the measured jet total number flux can

be calculated, the number flux as measured by the electron beam along the jet

axis provides another check on the electron beam measurement technique.

If, at a fixed axial station, x, the electron beam measurement at a

radial position, y , of jet species j concentration is nj(y) and the gas speed

is u(y), then the jet total number flux N. is

00

N= u') n(y) 2 r dy (42)

0

The local gas speed, u(y), was not measured, however, a useful approximation

is

u(y) = Ulim (43)
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for the highly underexpanded jet exhaust. This approximation does not allow

for the effects of compression in the inner shock (which tends to reduce u(y)

a small fraction) and shear in the viscous mixing layer regions (which may

increase or decrease u(y) depending upon the magnitude of u ). The major-CO

-11 error in the determination of N. is in using u for the mixing layer speed~J Ulim.

because of low values of uoo/u(y). The resulting value of N. would be large

by about 207 at the largest. Since the observed N. values are low compal ed to

the values predicted it appears that the use of Equation (43) introduces only a

small error.

Jet species fluxes have been calculated for some sample HAPRAP

Uruns by carrying out the integration of the measured density profiles of

Ref. (21 and 37) using Equation (42). Because quenching of He is a significant

UIf effect in the tunnel M runs the "corrected" electron beam concentration profiles

of Ref. (21) have been used. The species fluxes are presented in Figure 13.
The jet species flux are plotted against axial station The horizontal lines

show the calculated jet number fluxes assuming the perfect gas relation(54 )

U ; . ' \a(m c  ) 1  +(44)

II The measured He fluxes in the tunnel M cases are twice the calculated fluxes.

The ASC(10V) measured particle fluxes are low by 20-40%. An error of this

magnitude in the tunnel M and D measurements which were the first to be set

up was possible. 55) In the ASC(1OV) cases the freestream velocity is about

equal to the jet limiting speed, while the reduction in the velocity across the

oblique, hypersonic inner shock is small. Hence the density change due to

departures of u from ulim would also be small. The measured jet total number

fluxes fall at - 30 to 80% of the calculated fluxes and vary linearly with the jet

IrvB  concentration. This is in substantial agreement with the previous examination

ii of the ASC(10V) electron beam freestream species measurements.
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Resonant Trapping Effects in Helium

Radiation can be trapped in the gas when the gas is optically thick

to the radiation. A particular example of this is resonant trapping in helium.

This can occur only when the upper level of the diagnostic wavelength is com-

mon with a strong transition to the species ground state. This occurs for

helium 5016A radiation which was observed in the tunnel M and D. The

helium energy level diagram is shown schematically in Figure 14. The

(ls3p) state can radiate at 5016A and

537A producing transitions to the

(ls2s) and (lsls) states respectively.

is3p The 537A radiation is strongly

0 absorbed and there can be many
5016A absorptions and remissions beforeIs2s the radiation escapes the gas.

3537A The effect of resonant

trapping is to increase the effective

lifetime of the radiating (ls3p) level,
I; -9

longer than the 2 x 10 second

spontaneous radiation lifetime. (56)

Isis If we denote this radiating level as

He and the effective lifetime as

T Teff , then the net rate of production
of He by electron impact is

HFigure 14. Helium energy level diagram

S* *
d"He ju [He] a 'He k [He] (He*] (45)

dt = xc T eff q

I,
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where

He ] = ground state helium number density;*

[He] >> [He
k = collisional quenching rate constant

For the HAPRAP measurements these processes quickly (on the }
scale of the flow time and measurement system response) attain a steady

state such that the emission observed from the 5016A line is

[He* J exe[e]i 1

I A e - +k (He T (46) ~
5016 c5016 T 5016/5effkq 5016

where T5016 =7.5 x 10- 8 seconds is the 5016A radiative lifetime.!5 6) It

remains to determine the effective lifetime for the helium (ls3p) level, Teff.

Detailed measurements of Teff for 5016A emission were obtained by Heron,

McWhirter and Rhoderick.(57) Their results are in agreement with the

theoretical treatment of resonance trapping by Holstein (5 8) The effective
lifetime for the ls3p state can be written

T__ 1 ff T 1 e- 1

e 5016 537 (7.5 X 10-8 1.77 sec

7.5 x 10- 8 sec (47)
Seff- 1 +42.3g sc(7

g must have values between 0 and 1. The quantity g is the escape factor to

account for the resonance trapping. g is essentially the ratio of the number of

537A photons escaping the optically dense region to the total number emitted

within the region. In the limit of infinite trapping, g - 0, T - T 5016 and 15016

is a maximum. In the limit of zero trapping, g = 1 , T and I5016 is

a minimum.
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The escape factor for a cylindrical geometry and for a doppler

broadened line is given by ( 58 )

1.6 _ _ _ _ _

g=-- R;I n (koR) (48)
k 0

0

k ( 0X 3/ / el (49)
8r3/2VIkt7M T 537

;where

(59)
= maximum absorption coefficient (only DopplerLI L[ k° broadening)

I = degeneracy of excited level Is3p

I = degeneracy of ground level (1s) 2

k = Boltzmann constant

m = mass of helium atom

T 7537 =1.8 x 10- 9 sec (56 )

Li The effective radius R is given by the distance for the flow to

change in direction which corresponds to a shifting of the velocity vector in

the very cold, radially expanding jet flow. For conical flow, R is

approximately x/M , where x is the axial distance and M is the Mach

n number at x . For case IC5 from tunnel M the helium jet (X = 537A) with a

concentration of - 3 x 1014 cm 3 and translational temperature of - 2 K at

a downstream centerline distance, x , of 25 cm (assuming no translational

II freezing). Under these conditions k. '- 190 cm 1 . Here the effective radius,

R, is ,- 1 cm; g = 2 x 10- and the 537A line is strongly trapped. At smaller

x the trapping is more extreme as the helium density has a x dependence,

whereas the effective plume width discussed here varies more as x
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ii
Detailed calculations of g must be made at each point in the flow

field. However, an approximate formula for the effective lifetime in the

jet is

S= T (1 + g 42.3)1 = 7.5 x 101 sec (50)
T5016A ~ 5xij13 )

1+3x103/[He]

Resonance trapping becomes important and Equation (12) is only applicable

below 3 x 1013 helium atoms per cm 3 and can b( ignored at higher densities. j

Excited State Quenching

Collisional deactivation of radiating states which have been excited

by electron impact must be considered in the measurement of species con-

centrations. Quenching becomes important when the mean time between

collisions is comparable to or smaller than the radiative lifetime. That is

TA
- >> 1 quenching important
T col 

(51)
Tra-d << 1 quenching negligible
T col

The collisional quenching time Tcol is given by the relation

1

Tcol = kb[M] (52)b

where kb is the bimolecular hard sphere rate constant.

The temperatures in the plume mixing layer regions are on the

order of 300 K (by N2 rotational temperature measurement in tunnel M) and

typicallykb-~ 2 x 10- 10 cm3/sec. For the tunnel M helium jets the mixing
15 -3

layer helium number densities reach (3 to 4) x 10 cm - . The minimum mean

time between [ He] - [He ] collisions is,

-54-
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T 1.6 x 10- 7 sec (53,

U For the ASC(10V) typical plume mixing layer densities are - (1 to 2) x 1014 cm -3

such that

c 2 x 10-5 sec (54)
Tcolse

The ratio of radiative to collision lifetimes for the observed transitions are

presented in Table I,

TABLE I.

Importance of Quenching in HAPRAP Mixing Layers

SST tQuenching
Species Transition T rad/Tcol Reference Corrections

N2  (1-) 3 x 10.3  60 not required
-2

CO2 FDB 5 x 10 (Figure 12) not required
'221

[IAr 4p1 2F 0- 4 12D 5x 10-4  56 not required

He 3P -2S ".51
He 31- 21S 05 x 10 56 required and

carried out
in Ref. 21)

Quenching is generally unimportant in the electron beam analysis of

the ASC(10V) data but should be accounted for (as has been done in Ref 21), in

fl the tunnel M data. It should be noted that quenching was observed in the high

concentration regions of the ASC(10V) flow tields. The comparison of 1,he CO 2

1centerline calculations with the corresponding concentration measurements in

Figure 12 show saturation of the C02 FDB system at [ CO12 ]- 5 x 10- L5 cm-3

The M. 0. C. program calculations show the undeveloped part of the jel slowly

rolling off from the exit number density of - 1.6 x 1017 cm - and breaking
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toward a 1/x 2 slope at x - 10 cm or - 3 exit diameters. In contrast the

electron beam centerline density measurements roll off toward a saturation '1
level far downstream at x - 100 cm or 30 exit diameters, well in the fully

developed (1/x 2) region of the jet. The extremes of the particle concentr .Lions "

in the mixing layers studied in the ASC(10V) chamber cover a range well within

the linear (i.e., 1/x 2 ) CO2 data range of (02] - 5 x 1013 - 5 x 1014 cm - 3

as indicated in Figure 12. Therefore both the Ar-Ar and CO 2-Co 2 quenching

have no important effect on the ASC(10V) electron beam density analysis of the

mixing layer. .1

Beam Resolution

Blow-up of the electron beam could effect the interpretations of the

measurements; however, in this experiment beam blow up does not degrade

the data analysis. Electron beam blow up is caused by: 1) poor focusing, and

2) multiple scattering in the gas. An electron beam traversing a gas makes

many elastic coulomb collisions with the nuclei in the gas and the beam tends

to blow up into a gaussian shape. The full half-width of the gaussian shape

W is given by the relation(6 1 )

1.2x 10- 27 n1. 5 2.5

W = -1 b (cm) (55)
1 + 3.5 x 10 njIb

3

n is the nitrogen number density per cm and Ib is the distance from the gun

to the observation point. The coefficients are for nitrogen gas. This formula

is for constant gas density along the path. In this experiment, the plume gases

have variable density. Since the blow up is produced mainly by the gas near

the beam entrance into the gas, and the plume is near the end of the path at

the measurements, this formula should be applicable to this experiment. The
beam widths at the plume axis for tunnel M and ASC experimental conditions are
presented in Table II. In tunnel M, density measurements employed a one-

inch long slit perpendicular to the beam.
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TABLE 11.
Electron Beam Widths in the Tunnel M and ASC(10V) Facilities

Tunnel Gas n. W

M N2  1.3 x 10 /cm 50 cm 0.8 cm

13 3I X10 I/cm3 0.008 cm
ASC N2  3x01/c3 70 cm

AS 2  14 36x10 Am 0.5 cm

Since this was 2.5 times larger than the beam blow-up, multiple scattering beam

Lblow-up is not impo. tant. In the ACS tunnel, the beam was swept perpendicular

to viewing direction and there are no beam blow-up corrections, since the out-

LI scattering correction at any point is compensated by the in-scattering from the

opposite point. Thus the beam resolution is sufficient to obtain the measurements

and the correction to the beam blow up can be neglected.

2. 3.3 Flow Visualization Image Slip

H In selecting radiative transitions for observation, care must be taken

that the radiative lifetime is not so long that particles excited at one point in the

[fl')w are subsequently convected sitances comparable to the flow structures

dimensions before radiating. The systems selected for photometric concentration

[j measurements made by elect-on beam in the HAPRAP work are all brief-lived

(~ 10- 100 nsec) so that the convection displacement is negligible 10 2 - 10- mm

for tunnel M (uii n 2.5 mm/P sec) and less for the ASC(IOV) data. Such is not the
case for the flow visualization photography. The tunnel M flow visualization

photographs (2 1) reveal the plume outer shock in red. This radiation is from the
N2(1+)(4 , 0) system which has a radiative lifetime of T = 6.7 ± 0.7 qsec(60)

The photographic imuge of the outer shock can be displaced a distance of approxi-

' mately T u,0 - 1.7 cm. This is illustrated schematically in Figure 15. The N2
(1-)(00) system, used for the photometric concentration measurements, has an

[j60 nsec(6 0 ) lifetime and is not subject to similar effects.
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The long lifetime of the N2(1+) system results in an "image slip.

Consider a short electron beam pulse at the point x and at a time to. The

intensity variation with time I(t) is

-~(t-to) /T a
o rad

I(t) =I e (56)
0!

where Trad is the excited state lifetime. Consider a gas moving at speed u 0o

downstream from x and assume that the electron beam illuminates the region

downstream from xo . The intensity per unit length at point x, IL(x), is deter-

mined by the sum of the decaying excitation from the illuminated points upstream

of x.

H -~X/T° x Xo/TUO dx°  00x/~o

H IL(x) = e =Io [1-e (57)
00

This gives the intensity buildup along the streamline. At x = uoT the intensity

reaches 63% of its asymptotic limit, Io . This intensity buildup delay is clearly

seen in Figure 24 and 25 in Ref. (21) and is approximately the expected amount

jj of displacement flow.

A comparison between the three methods of determining shock position

used for the tunnel M case IC5: 1) pitot probe, 2) electron beam N2(1-) emission

and 3) N2(1+) flow visualization photography from Ref. (21) is shown in Figure 16.

Note the close agreement between the steepest slope and total shock breadth

locations as measured by the electron beam N2(1-) and pitot probe; however,

the N2 (1+) flow visualization indicates the shock image Idisplaced'l 2 cm

downstream. This magnitude of the downstream shift is in agreement with the

calculation of the distance required for intensity buildup.
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Figure 16. Plume Outer Shock Location by Three Techniques !I

Another problem arises with the flow visualization photographs using

the N2 (1+) red system. This system is excited almost entirely by the slow .1
secondary electrons. The electron beam produces ion-electron pairs along its

path. The slow secondary electrons move out from the beam and have the range

3 x 1013'_

Range -  [N2] meters (58) .1
[N2]-

where [N2] is the concentration. The free stream density in the ASC(10V)
113 to6 114 -3toecrn _

facility was 3 x 10 to 6 x 10 cm , corresponding to secondary electron

ranges from 100 to 5 cm. The density jump across the outer shock reduces

the range in proportion to the jump. Thus, the region of gas excited to radiate

in the N2(1+) band is quite wide, further complicating the interpretation of the

pictures. I
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2. SUMMARY OF THE MEASUREMENTS VALIDATION

Most of the HAPRAP experimental data can be directly used to study

~the plume geometry and the viscous plume interaction. Specifically, jet gas

i condensation, jet species internal mode freezing, the support strut flow and

~freestream flow nonuniformity can be neglected or easily avoided in the data

analysis. The electron beam concentration measurements behave linearly
Ii I  range and can be simply adjusted (by comparison with independent Information)

iV [ to give acceptable absolute values in the mixing layer structure for both jet and

Y _ freestream species (N2 , Ar, CO)in the ASC(10V) facility and only for free-

I stream species in the tunnel M data. The helium jet data in the tunnel M has

a factor of 2 calibration shift from the static data. In addition, radiation trapping

~effects are particularly hard to estimate in the mixing layer where the helium

, concentration rapidly goes to zero. Thus, there is some uncertainty in the

~analysis of the interaction region for the helium data.

~The electron beam spatial resolution was quite satisfactory. Quenching is

accounted for (as a 10-30% effect) in the tunnel M data and is negligible in the

i.[]lower density ASC(10V) facility data.

The flow visualization photography indicates image shifts of the position

1 of the N2 shock structure because of reliance upon the long lived N2(+ system.

This effect is most important in tunnel M as its freestream speed is significantly

i higher than that for the ASC(10V) facility.

U

Pitot probe rarefaction corrections could be carried out. However, cor-
rections for changing gas mixture ratios in the jet freestream interaction region

i cannot be made without considerable difficulty. Since the electron beam con-

! centration measurements of the mixing layer structure can be calibrated to yield

~absolute jet and freestream species concentrations in a simpler and more

~dependable fashion, these latter measurements are used to study the mixing

_i. layer flowfield.
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Section I I

AERODYNAMIC SIMULATION OF FULL SCALE PLUMES

The freestream-jet interaction region behavior and the extent to whichi.i the HAPRAP studies simulate this region as it occurs in high altitude rocket

p iplumes are of primary interest in the measurements program. The laboratory

(wind tunnels M and D and Aerospace Chamber (10V)) data were intended to

simulate conditions in a variety of full bcale plumes at high altitudes. The

hi purpose of this section is to show the degree of simulation attained and the

extent of ICBM trajectories to which it applies.ri

3.1 THE SIMULATION PARAMETERS

ii Complete aerodynamic simulation of full scale missile plumes requires

that all nondimensional parameters which characterize the flow be matched.

The ranges of values for these parameters which occur in ICBM operation are

first compared to the values of these parameters in the HAPRAP studies. Then

the qua]ity or completeness of simulation is discussed on the basis of this

comparison.

,Ii One strongly radiating protion of the flow as observed in the field is

the forward section of the plume where the dominant freestram influence at

high altitudes is through its dynamic pressure. The HAPRAP tests were

designed to examine this forward region of the plume by pitot probe and electron

beam techniques. Simulation of ICBM flight at high altitudes (>100 km) requires

large freestream Mach numbers (- 6-10) so that dynamic pressure is the dominant

influence. The nozzle thermodynamic efficiency has been seen in Section 1 to

affect the plume slenderness. The extent of the viscous mixing layer and the

degree of shock rarefaction are controlled by the plume Knudsen number, see

Section 1.

Preceding page blank
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ICBM engines operate with sufficiently high nozzle densities that the

freestream cannot penetrate this forward region of the exhaust flow and strong

interactions occur which form the forward region of the plume flow. To assure

sufficient interaction here and the proper nozzle boundary layer phenomenology

the simulation of the exit plane Knudsen number (see Equation (33)), will also be

examined. The plume can be perturbed by the missile body and the plume outer

shock structure disturbance will depend on I /L where Im is the vehicle length.
The mixing layer structure disturbance should depend on dm/L where dm is the

mm In

vehicle diameter. The relevant simulation parameters are therefore,

Freestream Mah number, Msh

Engine thermodynamic efficiency, C F/CFmax

Plume Knudsen number, Kn-,

Engine exit plane Knudsen number, Kne
Ratio of body length to plume scale, I /Lm
Missile fineness ratio, dm/m

3.2 RANGE OF SIMULATION PARAMETERS

Freestream Mach Number, M

The freestream Mach numbers to be simulated are those characteristic j
of full scale ICBM's at high altitudes. The velocity-altitude histories for three

typical ICBM's2 are shown in Figure 17. These histories are truncated at low

altitudes where plume structure size approaches missile size, a regionwhich is

also associated with turbulent buring in the plume and not under study here.

These histories terminate at high altitudes at main booster engine shutdown. .1
Mach number-altitude histories for these missiles are determined from

Figure 17, and model atmosphere tabulations (2 3 ' 62) of ambient gas properties

ambient sound speed.

As unclassified trajectory data were not available these vehicles are not further

identified.
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These histories are shown in

Figure 18 and show that Mach numbers , .

of 6 to 10 are sufficient to simulate I 24.... Q U........

plumes to the highest altitudes of ,

interest. A second reason that the A n

ICBM Mach number range of 6 to 10 is
desireable in the simulating facility Figure 17. Typical missile Mach

number altitude histories
relates to studies of plume rarefaction.

It is easy and convenient to specify

plume rarefaction development using

the plume Knudsen number which is

related to the degree of rarefaction

by M. , (see Equation (36)).

Therefore, for the relatively restricted I.......

range of Mach numbers applicable to

high altitude (>100 km) ICBM plumes -

we would like Moo1/2o be relatively con-

stant and describe rarefaction solely

in terms of Kni. Comparisons of

the remaining simulation parameters '..: ..
At hITI 1)), I

with ICBM flight parameters are given

as functions of M. Figure 18. Typical missile velocity j
altitude histories.
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Egie Tlermodynamic Efficiency, CF /max

The jet exhaust at large distances from the nozzle exit is characterized

by total mass flow. an angular spread of this mass flow and the jet limiting

velocity. The total momentum flow determines the overall plume scale. The

angdlar spread of the mass flow determines the plume shape. Plume shape is

related to nozzle efficiency through plume drag to thust ratio, D/T. As outlined

in Section 1, CF/CF combines the eragine design parametrrs 7' and Ae/A*,

into single parameter f3r the description of plume shape, tor all plume scales. 1

Since the plume shape does not have a strong dependence on D/T, it

is not necessary to precisely match D/T to obtain an acceptable simulation of -

the full scale plume. The range of D/T for the ICBM's .hown in Figure 17 is

seer in F igure 19. Jai-vinen and Hill predict plume breadth varies as (D/T)1/4. .1

bit

zo L

-0---

-I

C ASL I
*CASL
*CA-SiS
0CAa ! 0

10' .1 . I I 1)

Figure 19. Full scale and HAPRAP piume s parameters

--
.1
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This dependence is used to assess the degree of simulation of launch vehicles

by HAPRAP tests as shown in Table I1. Poor simulation for cases No. 5 and

IB resulted because very low values of D/T were selected to test the extreme

influence of D/T.

TABLE III.

HAPRAP Simulation of ICBM Engines

Simulation ror Simulation
Case Facility in (D/T)1 4  in M

1,2,3 ASC(10V) < -20 M low

4,6 < -20 Satisfactory

5 <-100

7 < 5

Tunnels M, L <-20% (except for IIB)

" The electron beam data from tunnel M were not incorporated into the rarefaction

_ study so that the very large M values did not constitute a limitation.

Plume Knudsen Number, K

Matching Reynolds numbers based on plume scale insures simulation of

phenomena in the freestream-jet gas mixing layer provided that the freestream

and jet gas phypical properties are approximately matched, e. g., f,iolecular

weights and specific heat ratios. The Reynolds number based on the plume

scale is

R p. u0
R R L= (60)
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and the plume scale is given by Equation (1). The viscousity can be approximated(6 3)

1 -

(61)

then

M

R e 2.225jKn (62)

where the Knudsen number is given in Equation (33). A more exact relation for

nitrogen (,y0 = 1.4) is, (4 5 )

II

M?1R e 1. 49-- (63).

Equation (63) shows that simulation of freestream Mach number and i

the plume Reynolds number assures simulation of plume Knudsen number.

Notice that if we ignore variations in chamber pressure, vehicle speed and

vehicle Mach number, plume Knudsen number varies as

Kn - cc (X )1/2 (64)

41
So that as X varies over a range of - 10 for a missile climbing from 100 km to2
300 km, Kni- and Re-L vary over a range of only - 10 . In the tIAPRAP tests

conducted in the ASC(1OV) both model rocket chamber pressure and freestream

mean free path were varied, thus allowing a substantial part of this range in Kn L

to be covered. This does not mean that complete simulation was attained over

this range as is shown below in connection with the other simulaLion parameters.
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The ranges of Re associated with the vehicles and altitudes in Figure 18and the values of R _ and M for the HAPRAP tests are shown in Figure 20.
eL CoThe flight vehicle values of Re- decrease monotonically by a factor of 100 with

increasing altitude but Mach number does not vary greatly over the altitude range

from 100 to 300 km. The high Reynolds number for the test in tunnel I21) does

not satisfactorily simulate high altitude plumes (Figure 20). The low supersonic

tests using the M3 nozzle in the ASC(10V) (3 7) (cases No. 1, 2, 3) do simulate flight

vehicle values of R -but have values of M below the range of practical interest.
eL

The HAPRAP tests which represent the best simulations of high altitude

ICBM plumes, in terms of plume Reynolds number and stream Mach number are

'i cases No. 4 through 7 in the ASC(lOV) are shown in more detail in plots of plume

Knudsen number versus M in Figure 21. These cases deserve further comment:i00
Case 4: This case is particularly interesting because it covers the

greatest range of plume Knudsen numbers corresponding to an altitude

range of 120 to 330 km for vehicle No. 2. This range was effected in

two ways. First, model rocket and freestream reservoir pressures

(P and Po in the notation of Ref. (37) were varied over a range of a

factor of s-60 (see Table IV, Ref. (37)). By Equation (1) the resulting

Kni- variation is a factor of 7-8, which is shown by the two lower points
for case No. 4 in Figure 21. Second, while holding Pc/ri constant the

L reestream reservoir temperature, To, was increased by a factor of

-3. Increasing T0 increases u00 and X00 which both tend to increase

Kn- (by a factor of 3 in this case). Hence the total variation in Kn-
L L.

was a factor of -- 50, corresponding to an altitude range of - 120 to 330 km.

Case 5: This case is not a good simulation of ICBM plumes because a

high area ratio model rocket was used with Ar as the jet gas, which

resulted in an unrealistically low D/T. This does not suggest that such

il engines have no function but rather that no existing booster rockets of

pratical interest are repre;ented by fhiis case.

I
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Case 6: This case simulates higher speed missiles over a restricted,

low altitude range. This results from using Ar as the freestream gas

with the M6 tunnel nozzle, so that M - 11. Simulation is questionable

for this case because at low altitudes -Y. is close to 1.4 whereas in these

tests 1. 67. This would probably cause poor simulation in plume

outer shock location, however, contact surface location should be only 4
weakly affected.

Case 7: This case differs from case No. 4, only in that it applies to

a smaller range of altitudes.

The plume density regime designations shown on the left hand boundary of 1
Figure 21 are discussed in Section 5 below. -

Engine Exit Plane Knudsen Number, Kne

The situation to be simulated is that of a large and highly underexpanded A
ICBM engine operating at high altitudes. Accordingly in the model simulation the

jet must have a very small Knudsen number (equivalent to large Reynolds

number) at the nozzle exit plane,

Kne exit plane mean free path e (65)
e nozzle exit diameter de e

to insure that the nozzle boundary layer is sufficiently thin to be neglected. The "

ranges of Kne values for the HAPRAP tests and for typical ICBM engines areranges

shown in Figure 22. -j

Nozzle boundary layer developement is usually expressed in terms of

stagnation chamber Reynolds number. Kne is related to chamber Reynolds

number, for frozen isentropic flow, by,
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and HAPRAP tests.
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if

1/2*
Pc(2H) r

R C C (66)ee, r #e C

This can be written as,

1/2
ReA 15( ) ( M) e- I+ 2 e n

c, r e
(67)

where H is the model rocket chambers enthalpy and Equation (61) has been
c "i

used for the model rocket chamber viscousity. Equation (67) is written out

to show that the conventional nozzle boundary layer thickness criterion based

on Re, may also be expressed in terms of Kn and that, iec,r

R e1 (68)
c, r

HAPRAP nozzle exit Knudsen numbers, as seen in Figure 22, are large relative .

to those for typical ICBM's. Consequently a criterion is here developed to

determine if model nozzle boundary layer effects, such as the reduction in the

effective nozzle area ratio, may be neglected.

Calculations of nozzle boundary layer growth have been carried out(4 5 )

0
for case IC2 in tunnel M(p c = 2 psia, T. = 700 K, d =0.315", R r =2900,

'Vc je c,r"
jet gas helium). These show that the geometric area ratio of 1.61 is reduced

to 1. 30 by boundary layer growth. This corresponds to a reduction in thrust

coefficient from CF = 1.42 to CF = 1.38. Because the plume scale varies as

C.,1/2 the observed plume should be - 1-2 smaller than that predicted on theWF

basis of inviscid jet flow. A reduction of - 1-2(/ in jet scale would not be

detectable due to experimental scatter. -
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For low -e and high A /A* such as in cases IAB, IAC, IAA in tunnel M

and cases No. I through 7 in the ASC(10V) reductions of the plume scales by

boundary layers warrant further analysis. Boundary layer thickness is approxi-
~mated as,

S20SX (69)

H iwhere

I S = length of boundary layer developement along nozzle wall

X = mean free path at the outer edge of the bounday layer
n

U Mn = Mach number at the outer edge of the boundary layer]This relation applies strictly to flat plates and may be expected to considerably

overestimate boundary layer growth inside nozzles, as nozzles have strong
favorable pressure gradients.

For a nczzle of - 150 half angle the exit diameter can be expressed

as

d S (70)e 2IA
If the dependence of 6 on Mn is assumed to be similar for nozzles of interest

then this dependence may be approximated by a constant typical value of Mn ( 4),

thus reducing Equations (69) and (70) to,

T (10 ) 1 e) (71)

de
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Assuming that the boundary layer has a significant effect on the plume scale for

/de > 0. 1, then those HAPRAP runs for which Kn > 10-3 may be significantly
e e

perturbed by boundary layers development.

Figure 22 shows that tests in tunnel D best simulate ICBM engine

boundary layers. However, as seen above, these tests provide poor simulations

of plume Reynolds numbers. Of the remaining runs, some are affected to a "

marginal degree by boundary layer growth. Based on calculations( ) for case

IC2 it appears that the above boundary layer influence criterion is conservative

and boundary layer influence is probably weak in all HAPRAP tests. It is appar-

ent that if the HAPRAP nozzles had been significantly smaller or if the model

rocket chamber pressures had been reduced further the data reduction task

would have been severely complicated by boundary layer influences. From a

judicious choice of operating condition and nozzle geometries these studies

cover the broadest practical, useful range of Kne for studies of high altitude

plumes. {

Ratio of Body Length to Plume Scale__.,/f

Rocket bodies influence jet plumes to a significant degree only if the

rocket dimensions are comparable to pluine dimensions. In such cases it is

necessary to scale body geometry with plume scale in model simulation of

booster rockets. Body influence is therefore judged in terms of the magnitude

of the ratio of body length, Im, to plume scale, L. The ranges of this parameter

for typical flight vehicles and for the HAPRAP tests are shown in Figure 23. It

was concluded in Section 1 that body influence on typical vehicles is not important

for altitudes above 120 km. IHowever, at substantially lower altitudes, correspond-

ing to larger values of m/L, this influence becomes important. In all the

HAPRAP model tests 2m/L was larger than for the typical flight vehicles at

altitude of interest. In fact the model tests would have better simulated flight

vehicle values of m/L over an altitude range of 85-100 km, a range where body

influence on plume structure can be significant.
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I Figure 23. Ratio of vehicle body length to plume characteristic length.

11 We may expect that the rocket body size influence will be most strongly

i displayed in the plume outer shock location and shock layer structure as a result

L ~ of the vehicle bow shock. If separated flowv occurs near the base of the vehicle,

A! entrainment of jet gas into the outer shock layer will occur. The location of the

u mixing layer, between jet and ambient gases, may be infiuence;d to a lesser

~degree, since the primary external flow influence on its location and structure is
" through dynamic pressure. This pressure is not strongly altered by passage

• through the relatively weak bow shock associated with a slender vehicle. The

Ii following data analysis supports these arguments on the degree and nature of body

influence on plume structure.

B
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Missile Fineness Ratio, dml

For the typical vehicles and altitude shown in Figure 23 the vehicle !j

dimensions are small compared to plume dimension; therefore the vehicle

influence on plume structure is not significant and details of body geometry

such as fineness ratio (vehicle diameter - vehicle length) are even less important.

In an attempted simulation where model Im/L is not small there is little purpose

in preserving the vehicle fineness ratio. Better simulation would be achieved if

model geometry were designed to minimize body-plume interferences, which

would result in bodies with fineness ratios of order 0. 5-1.0 rather than of order

0.12-0.24 as in the HAPRAP tests. I
3.3 SUMMARY OF THE AERODYNAMIC SIMULATION

The degree of simulation of flight vehicles is summarized in terms I
of the parameters discussed above. Overall degree of simulation is judged by

weighting these parameters as shown in Table IV. The first three columns

identify the HAPRAP tests by facility, reference and case designations. For the

measurements reported in Ref. (37), case designations are taken from Table IV,
pp. 59-61, which is labeled "Electron Beam Photograph Test Conditions', (note:

this table is the most comprehensive but is not complete; e.g., case No. 2

tests with Ar as the jet gas are reported in Table V, p. 62 but not in Table IV).

In Table IV of Ref. (37) runs are listed vertically under case numbers. We have

identified different runs under each single case number by adding alphabetically

a single letter (double letters for more than 26 runs) to the case number, e.g.,
4a, 4b. . . . 4z, 4aa .. ."

Table IV shows that the simulation of the flight vehicle mixing layer

which is the principlc phenomenon under investigation in the HAPRAP measure-

ments, by matching values of Kn- is excellent for all cases except the test

conducted in tunnel D. This is shown in Figure 20 where Re (Kn[) for tunnel I

D is much larger than the range for flight vehicles at altitude of interest, whereas

all other test results lie within this range. The tunnel M case simulation of

mixing layer structure are acceptable. Unfortunately the freestream Mach
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I

numbers are so large that the critical plume Knudsen numbers for rarefaction

in ICBM plumes are not well simulated. Table 1I. 2 shows that cases No. 1 i

through 3 in the ASC(10V) do not adequately simulate vehicle freestream Mach

numbers. They are too low to insure that stream dynamic pressure is the j
dominant stream influence on plume structure o ver a major portion of the plume

nose region.

The remaining ASC(10V) data show various degrees of quite acceptable

simulation. It is noted that cases No. 5 and IB were characterized by extremely

small values of D/T, thus they did not satisfactorily simulate any existing

booster vehicles. In cases No. 6a to 6h, ^y = 1.67 which is a reasonable0I;
simulation of the freestream only in the upper portion of the altitude range of

interest. However, it was noted earlier that yoo affects the plume outer shock

layer but has only a weak effect on location of the mixing layer and on internal

jet structure. Thus these cases may provide good simulations of these plume

features.

The remaining measurements including all of cases No. 4 and 7

provide fair to good overall simulations of high altitude rocket plumes. Figure 23 1
and Table III. 2 show that large model bodies are the main limitation to achieve-

ment of excellent overall simulation. Because of this the HAPRAP simulations r

of plume outershock structures are severely compromised. However, the mixirg

layer and internal jet flow field are relatively less disturbed by body influences

and should therefore be reasonably well simulated in terms of flow field .4,

structure.
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Section IV

PLUME MIXING LAYER FLOW FIELD ANALYSIS

There are four principal categories into which the flowfield analysis

falls: the plume outer shocks; the plume inner shocks (barrel shock and Mach

disc); the surfaces of equal concentrations of freestream and jet species; and

the concentrations along these surfaces of equal concentration. Analysis of

plume outer shocks revealed several disturbing influences which limit useful

interpretation. Mach disc locations illustrate longitudinal scaling of the interior

flow as a function of nozzle and stream conditions. Within mixing layers, surfaces

of equal concentrations are shown to be relatively insensitive to the disturbances

which influence outer shocks. They are studied in some detail as they may prove

to be of some importance for developing a simple and quick calculation technique

for estimating the rates of chemical and excitation processes in the high altitude

rocket plume mixing layer.

4.1 THE PLUME OUTER SHOCK

HAPRAP measurements of plume outer and inner shock locations,

obtained in both tunnel M and the ASC(10V), have been transformed to coordinates

normalized by the hypersonic scale. Selected results are shown in Figure 24

where D/T = 0. 135 and in Figure 25 where D/T t- 0.017. In this section we dis-

cuss only the outer shocks. These outer shocks clearly are not correlated only

by the hypersonic scale at fixed D/T. A variety of effects related to aerodynamic

simulation and measurement techniques appear to be the source of this lack of

correlation-

1. The limited extent of the strong outer shock region

dominated by the freestream dynamic pressure

2. Varying values of the freestream specific heat

ratio
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3. Image slip in the flow visualization photographs

4. Freestream flow divergence

5. Errors in alignement of the electron beam apparatus

6. Growth of the viscous mixing layers

CAE, PIWA (
1.

Al' TO W tn 'M  .. . .ORSHC
CASE ,5 ,aft 10 SU 8.83 .447 OTI H

1- -| -064 6 150 645 25.9 .142 INN lER SHOCK
1. 1T . % 3 WS 45 88 25.2 .156S

1.0 CASE 18 f01 399 psla 713 4.09 .47S
02D/T - 103

.8
,7

.6

.4
3 - -- ------------

4-- - - -2 ..... ..------------------------------

I 2

Figure 25 - Electron beam flow visualization photographs for ASC(10V) Case No. 5
and tunnel M Case IB.

The outer shock locations in cases No. 1 through 3 in the ASC(10V)
should not collapse to a single curve at fixed D/T, since the freestream Mach

number was too low and the assumption of strongly hypersonic external flow is

not satisfied. This correlation does not include the dependence of ,v , which is

known to affect outer shock locations; consequently case No. 6 in the ASC(10V)

with V00 = 5/3 is not expected to display the same normalized outer shock

position as the other tests where -y = 7/5. Flow visualization photographs for

tunnel M are subject to image slip, discussed in Section 2, and consequently

the photographed shock locations are somewhat downstream from their true

locations.
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Nonparallel freestream flow and flow not aligned with the model

rocket axis for the flow visualization photographs for the ASC(10V) facility may

have caused shifts in the shock locations from those locations for a freely

coporallel plume. The freestream flowfield diverged significantly and the

model was mounted off the tunnel axis, consequently the plume say an average

effective angle of attack of '- 3 The "flow axis" in flow visualization photo-

graphs for the ASC(10V) was determined by bisecting upper and lower portions

of images of the shock locations, (37) which results in a flow centerline

diverging from the true jet axis. Recall that on the side of the plume away

from the model strut the freestream flow was nearly parallel with the jet axis

and thus constituted an acceptable simulation for the electron beam concentra-

tion measurements which were referred to the true jet axis.

For the early ASC(10V) cases (37 ) the electron beam used to measure

speicies concentrations was not well aligned with the flow axis which resulted

in a distortion of the plume geometry in the region near the mosel rocket.

This is evident in case No. 3 in Figure V-1 on page 305 showing the jet center-

line concentration abruptly falling off as X/RE drops below - 10. This cor-

responds to the electron beam slicing through the side of the plume (rather than

remaining on the centerline) and is made evident when the radial surveys are

used to plot the plume profile.

There were also perturbations due to the model rocket body when it

was of significant size compared to the hypersonic plume scale. We see that the

plume outer shock is markedly moved upstream in caseA X1 (1/L ~ 0.67) of

Figure Z4 and in /lb(/IL 0. 4n) of Figure 25.

There is an important additional influence on the outer shock structures

which is illustrated using pitot probe data from tunnel M, as shown in Figure 26.

Here the outer shocks (outer maxima in pitot pressure) are plotte- in normalized

coordinates for tests with the same freestream gas, comparable ratios of body

length to plume scale, and nearly equal nozzle efficiencie: . Observed differences

in the scaled outer shock locations must be attributed either to diiferences in

nozzle exit Mach numbers or jet gas species or both.
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Figure 26 - Viscous layer influence on outer shock layer location.

For the data in Figure 26 plume Knudsen numbers are - 2 - 3 x 10

so that the plume flow fields are in the viscous continuum regime and it is

appropriate to describe outer shock locations on the basis of viscous shock

layers, i.e., viscous flow throughout the region between inner and outer shocks.

To obtain a reference surface for description of outer shock locations we assume

that the viscous shear layer is centered on the plume contact surface as obtained

from inviscid calculations.

Method of characteristics solutions for contact surfaces corresponding
(21)

to two of the tunnel M cases (IC5, IAB) are shown in Figure 26 normalized by
the hypersonic plume scale. These show that varying Me does not significantly

alter the normalized contact surface location (at fixed D/T) and therefore does

not significantly irfluence the outer shock location. This suggests that the dif-

ference in plume outer shock locations in Figure 26 are the result of different

jet gases. Considering viscous effects, we may expect that the viscous layer
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layer thickness is larger for He jets than for CO2 jets because, everything being

equal, He has a greater viacousity than CO2.'

The shock layer thickness will be qualitatively described by viscous

shear layer analysis. From Lock (6 4) the viscous shear layer thickness, at

fixed concentration nnd temperature, is taken to vary as,

tcx 1/2 oz m1/4 -1/2t c 0 (72)

where

t = viscous shear layer thickness

v = kinematic viscosity

m. molecular mass of species j

= molecular collision cross-section of species j

Ilere, v o cX has been used where c is mean thermal speed and X is mean
free path in the layer.

We assume the shear layer viscosity is characterized by the reduced

mass, m , of a gas mixture of equal parts of freestream and jet gas. For the

two shear layers being compared the ratio of reduced masses is

2+ m 2H 4.9 (73) 

(m,)He-N 2  + 1/rnNc2

and the ratio of collision cross sections 5 ) is
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0C0 2 -N 2 r_ + N2 r - 1.7 (74)
alHe -N 2  (rHe+rN2) 2

where rj is the radius of species j derived from viscousity data. The resulting

ratio of magnitudes of viscous layer thicknesses is

SHe-N2  491/4 1.71/2 ~ 2 (75)
tc0 2 - N2

The viscous outer shock layer thickness is estimated from Figure 26 as the

normal distance between the corresponding inviscid contact surface (shown by

the solid line) and the mean (shown by the dashed line) through the outer shock

data points for a single jet gas. It is seen that the estimated He - N2 outer

shock layer thickness is indeed approximately twice that for C02 - N 2* The

observed plumes are in a fully viscous regime and display outer plume shock

shifts in location directly related to viscous layer growth. Viscous effects have

a pronounced influence on plume structure even well within the continuum regime,

Kn- - 103 which corresponds to ICBA1 flIght at altitudes of - 100 kin, see

Figure 21. Therefore, purely inviscid plume flows do not occur at high altitudes

where the simple hypersonic inviscid plume models are used. However, such

models do remain quite useful for restricted purposes as will be seen below.

In evluating the usefulness of the Jarvinen-Hill inviscid plume model,

the present examination of the outer shock structures has shown that:

v 1. Comparison of data in coordinates normalized by the hypersonic
plume scale with the same jet and stream gases for similar
degrees of body influence and similar D/T, still shows a

considerable scatter of (-±,20%) which overlaps the Jarvinen-

-- Hill shock position
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2. The normalized shock surfaces are more slender for .

smaller D/T, which is in qnalitative agreement with

the Jarvinen-Hill model; however, there are limitations

imposed on the usefulness of calculating shock locations

in the high altitude plume imposed by the appearance of

viscous and rarefaction phenomena.

3. Viscous effects can have a significant influence on the

locations of high altitude plume outer shocks. "

4. Moreover, by way of anticipation of the results of

Section 5, shocks lose their identity as the plume -

enters the transitional flow regime.

In general we see that disurbing influences and low density effects make the

interpretation of these outer shock data of limited value for the study of viscous,

high altitude pluires structure.

4.2 THE MACH DISC

The Mach disc is an interior shock frequently used to establish

the longitudinal scale for plume flowfields. The Jarvinen-Hill ( 19) model places

the Mach disc a distance of 3L downstream of the engine independent of the

value of D/T. However, it is shown in Section 1 that the longitudinal scaling

of the interior flow must also depend on D/T. This is supported by the tunnel

M Mach disc data presented in Figure 27, where the Mach disc location has

been normalized by L. A definite D/T dependence appears which agrees

qualitatively with the discussion of Section 1. The normalized distance from

nozzle to Mach disc increases from - 2. 85L, for D/T - 0.14, to ~4. 3L,

for D/T - 0.017. The mach disc will be placed at - 2. 9L for the ICBM type

plume for which D/T - 1/6.

In the five cases with comparable D/T (0. 138-0. 142) in Figure 27,

normalized mach disc locations lie fairly close to the Jarvinen-Hill prediction

of 3L. In all these cases the static pressure contribution to the total mixing

layer pressure (based on Newtonian flow and mixing layer slope obtained from
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electron beam photographs) is less than 10% over the portion of the plumes

forward of the Mach disc location. Consequently the hypersonic scale (T/q o )1/2

used by Jarvinen and Hill, is appropriate. For case 1B in Figure 27, where

D/T - 0. 017, the static pressure contribution to the mixing layer pressure, by

Newtonian theory is a 60% at the Mach disc location. However, as the static

pressure contribution increases the local mixing layer pressure over the

L. dynamic pressure term (based on the local mixing layer slope) its effect should

be to reduce the Mach disc length scale. Consequently it is implausible that the

Mach disc location differs from the Jarvinen-Hill model due to the static pressure

effect and what we see in Figure 27 is a D/T dependence. Unfortunately there is

only one measurement of the Mach disc location for D/T - 0. 017 (the ASC(10V)

case No. 5 axial pitot survey does not show a Mach disc structure). In any event,

it appears that the Mach disc location is not properly scaled by (T/qo)1/2 alone.

10 I w I w w I I I w
A D/T ~0.138 -0.142

5 A D/T 0.017 IC2 A

10-2  MACH DISK LOCATION 01 A It5

IAA

10"

Q 1ACA

EB-4 IAB i
10 r J.

1 2 3 4

NORMALIZED MACH DISK POSITION

MD = MD {q/Fc * }/

Figure 27 - Dependence of Mach disk location on plume drag -to-thrust ratio
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For the tunnel M data shown in Figure 27, obtained at M( - 18 for

D/T 0. 15, the Mach disc is located at - 2. 9 L, in good agreement with the

Jarvinen-.Hill model, which was based on calculations assuming strongly

hypersonic external flow. However, for typical ICBM high altitude flight, the

freestream Mach number is frequently in the low hypersonic range (see

Figure 18) with M = 5-6. Under these conditions the stream static pressure
may contribute significantly to mixing layer pressure at - 3L and location of

the Mach disc location at 2.9iL may be incorrect. However, the Mach disc is a

relatively low density and thus unimportant structure in the high altitude plume

or its ground based aerodynamic simulation. Few Mach discs are actually

revealed in flow visualization photographs, because the Mach disc is a relatively

low density feature. Although it is in the field of view based on pitot probe

surveys (see Table V, Ref. (21), in Figures 24, 25, and 26 of this reference),

it is not in evidence. This is particularly striking for case IC2 where the Mach

disc should be located in the center of the photograph (Figure 25 of Ref. 4 at

x = 8t ' ) relatively close to the jet where the merged layer is still visible and

the internal jet flow is still fairly dense. Hence, not being a site of high densities

and pressures in the high altitude plume (> 100 kin) the Mach disc and its location

are of relatively little interest in radiation studies of these flows and are not

further considered.

4.3 THE MIXING LAYER

The mixing layer is a region characterized by large velocity, temperature

and species density gradients. The HAPRAP measurements contain no direct

information about mixing layer temperatures (excepting a restricted number of

tunnel M measurements) or velocities. Species concentration data are, however,

quite detailed and are here the subject of analysis.
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The Electron Beam Concentration Surveys

Radial concentration surveys are shown in Figure 28 from case IC5

in tunnel M for three axial stations and from case No. 4 in the ASC(10V) facility

for one axial station. These surveys will be discussed in detail to illustrate a

number of features of the mixing layer developement and difficulties associated
7 7 with the interpretation of these surveys.

FIGURE 26A FIGURE 2Sb FI GURE 28c FIGURE 28d

ICS ICS ICS CASE 4
3in. x 5in. * x -10In. x - 8 in.

n L 4.9 x 10 3  
Knt",,,~ ~ L,. Kj 1 x 10

"

/FRLESTRLM
I *

1
EQUAL /;"SPECIES

C0NCENTRATIa,

I k JET SPECIES

NUMBE DN IT CORIAEIRST YUIS

• 
'II

li NUI4BER DENSITY COORD|INATh (ARBITRARY UN ITS)

'j Figure 28 - Typical electron beam surveys

The case IC5 survey at x = 3" of Figure 28a shows the entire mixing

layer dominated by the jet species (He). This probably results from entrainment

of the jet species into the separated flow around the model and as such represents

an improperly scaled effect because of the overlarge model rocket bodies. Once

in this separated region the jet species are entrained into the shear layer origina-

ting on the forward point of the model, see Figure 29,and substantial amounts of
jet species can be injected into the outer regions of the plume mixing layer which
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would otherwise contain only freestream species. This forward motion of

exhaust products along a rocket body, discussed by Adams and Holland(66 )

is important for relatively large bodies, I M/L - 0.57 here. Because of the

dominance of jet species in the mixing layer at this forward axial station the

pitot probe measurements show more details (see Figure 29c of Ref. 21) than

the electron beam survey here.

LAMINAR SHEAR LAYER

SHOCK OFF SEPARATED REGION INN-- -- ,ER SHOCK

/ TUR LAYER

BWSHOCK '

MODEL ROCKET BODY -=-

SMALL ARROWS INDICATE TRANSPORT
OF JET SPECIES INTO OUTER FLOW ''-
VIA SEPARATED REGIOU

Figure 29 - Separated flow region-medium altitude plume (80-100 km altitude)

At x = 5"1, Figure 28b, the influence of the separated flow region is

less pronounced than at x = 3" and the outer shock structure can be examined in

some detail. The freestream mean free path is A0o - 0. 125 cm. The shock

width based on the steepest slope is - 0.6-0.7 cm or about 5-6 A0o. This width A
is consistent with shock measurements ( 67' 6 8) of 4-5XO. The significant

overlap between the regions of diffusion of the jet and freestream

particles inside the shock structure indicate a very viscous flow has been
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reached. Strong viscous effects and (possibly) the onset of rarefaction effects

Iare indicated by a weakening in the observed rise in total density across the

outer shock. The measured density rise is approximately 3.7, which is to be

compared with a value of at least 5.3 calculated from the shock geometry and

tunnel conditions. It will be seen later that the plume Knudsen number,

Kni, - 5 x 10- 3 ,for this case at these large Mach numbers (M = 18) indicates

the continuum-transitional flow boundary is indeed being approached and that

the flow is certainly in the viscous-continuum flow domain.

The electron beam survey at x = 10"1, Figure 28c, is not meaningful

for the present study due to interference by the tunnel shock. Pitot probe surveys

, (Figure 29 of Ref. (21)) show interference between the plume outer shock and the

tunnel shock at axial stations beyond x = 5"1.

Similar plume features are present in the ASC(10V) data. However,

since these tests were conducted at values of Kni- generally larger than in tunnel

M , they show stronger cross-diffusion of jet and freestream species, as seen

qualitatively in Figure 28d for case No. 4. The large degree of jet-freestream

i, species overlap seen here is a real effect due to the large plume Knudsen

numbers (or small plume Reynolds numbers) used to attain the highest altitude

ICBM flight simulations shown in Figure 21.

Surfaces of Equal Concentration

The mixing layer density profiles are quite complex as is seen from
the measurements of mixing layer dimensions and species profiles(21, 37) In the

present analysis a single feature of these species concentration surveys is con-

sidered. This feature is the surface along which jet and freestream species

concentrations are equal,

L [Z] =[Y] (76)
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where Z is the jet species and Y the freestream species. This surface is fairly

easy to identify from the data (see Figure 28) and provides one indication of the

mixing layer location. It is determined from the intersection of two large con-

centration gradients of opposite sign; therefore, it should be relatively insensitive

to reasonably small flow disturbances, such as jet species entrainment forward

along the model body discussed above.

The equal concentration surface is of some interest for making

chemical calculations in the mixing region. From a study of collateral HAPRAP

data it is seen that this surface is located near the higher static temperatures

of the mixing region. Specifically the N2 rotational temperature measurements

show that the static temperature reaches a maximum in the vicinity of the equal

concentration surface. Further, the electron beam photographs (viz. Figures

24 to 28 of Ref. (21) and Figure 20a of Ref. (37)) show a dark region between

the plume outer and inner shock layers that indicates a zone of relatively low

density and high static temperature in this region.

For a restricted class of chemical reactions (producing a new

species X) or excitation processes involving collisions between freestream and

jet species, the equal concentrations surface lies in the region of relatively

large volumetric production or excitation rates assuming the volumetric pro-

duction or excitation rate is the product of a temperature dependent rate times

and the product of jet and freestream concentrations,

d =Xl exp{ EactI (77)
dt b @t I [Zs[s

where the subscript s indicates a property along the equal concentration surface

and the rate has been written in terms of the reaction rate excitation energy, Eact*

Therefore, some chemical reactions of interest and associated radiation

phenomena may proceed near their maximum volumetric rates along this surface

and the equal concentration surface is of interest in relation to the problem of

radiation signatures.
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The surfaces of equal concentration for the ASC(10V) cases No. 3 and

4, for which D/T and moo /m are approximately constant, are shown in Figure 30

in normalized coordinates. These data collapse very well compared to the shock

structures previously studied. The data show little sensitivity to the disturbing
1.

effects of a relatively large model body. The ratio of molecular weights,

moo /mj, is not far from unity for these runs. Consequently one may expect that,

as viscous transport becomes more important the cross diffusion of jet and free-

stream species will have little effect on the location of the equal concentration

surface. The contact (pressure balance) surface of the Jarvinen-Hill ( 19 ) model

shows good agreement with these data. It is seen that even though the detailed

flow structure may be rarefield (Kni: increases toward 101, inviscid models

are still of use in the viscous plume as they give the surface of momentum

L balance between the jet and freestream such that the plume overall structure

still scales with the hypersonic plume scale and is still approximated by con-

I tinuum calculations. This situation will hold until the largest plume structures

'. breakdown due to lack of collisions on very large scales in the very low density

. regime.

1.0

ASC(IOV) _ JARVIHEl HILL""
D/T * 0.1352 O/T " 0.1352

0 8 2 .21 x 10 
3 <  

K n [ - < 1 .1 x 10 ' 
1

A CASE 3 M,/Mj 0,64
0 CASE 4I. 0.6

S0.4

0.2

~~~~~0.0 I|II ,

0.0 0.2 0.4 0 6 0.h 1.0 1.2 1.4

Figure 30 - Surfaces of equal concentration for fixed D/T, m /m.
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Surfaces of equal concentrations are shown in Figure 31 in

normalized coordinates with CO2 and He as jet gases and N2 and Ar as the

freestream gases. In all runs presented here D/T is approximately constant:

One might expect a correlation of results for CO2 and He jets. This is not the

case as the He jet equal concentration surfaces are far larger than the CO2

surfaces. The broader surfaces of equal concentrations for He jets in the

normalized coordinates are attributed to the stronger outward diffusion the

low molecular weight gas. It is noted, however, that the He test results may

also reflect effects of both a relatively larger model body and a jet dynamic

concentration calibration which is large by a factor of 2 as discussed jn Section 2.

A quantitative discussion of the dependence of the locations of surfaces of equal

concentrations on m, /m. is coupled to other transport phenomena in the full

Navier-Stokes equations and its description is beyond the scope of this work.

II 5 l 5 I I I I 5

D/T a 0.135 - 0.142

ASC(10V) (JARVINEN, IIILLV'f
1.2 CASE 3 I -/T = 0.1352

0 CASE 4 Co2 or Ar-N2; mjmj 0.64 - 0.70

1.0 A CASE 6

TUNNEL M

ACASE IC5 tHe-N2 ; mJ - 7.0U

M CASE IC21

2.2 x 10' 3 "- KnE < 1.1 x 10"  U A

0.6

A
0.4 0

0.2

0 0 . .i , ,

0 .4 .8 1.2 1.6 2.0 2.4 2.8 3.2 3.6

Figure 31 - Surfaces of equal concentrations for varying m /m., fixed D/T.
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The effect of varying D/T on surfaces of equal concentrations is seen

in Figure 32. All runs included here have very nearly the same molecular

weight ratio, mo /mj , so that diffusion effects should be equalized. These

surfaces grown broader with increasing D/T, a qualitative dependence on D/T

in agreement with the Jarvinen-Hill model. However, reduction of these sur-

faces to a single curve by D/T scaling has riot yet been attained.

I I I I I

ASC(IOV) JARVINEN. HILO"'
0.6 0 CASE 3 O/T 0.1352 -- D/T - 0.2224

- DT * 0.1352
0 CASE 40D/T • 0.1352 m m =0.4-091 -- D/T - 0.1352

0 CASE 5 D/T - 0.0164 "/N' 9 --D/T-.0164

0.5 A CASE 6 D/T • 0.1352

* CASE 7 O/T - 0.2224

2.2 x 10
3  < Kn- < 1.1 X 10"1

0.3 .

~~0.2 0 - -

0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6 1.8

Figure 32 - Surtaceq of equal concentrations for varying D/T, fixed m o/mj.

Number Densities Along Surfaces of Equal Concentrations

The species concentrations measured along surfaces of equal con-

centrations cover a range of roughly 300 as shown in Figure 33. The inviscid

concentration of Jarvinen and Hill(19) normalization shown in Equation (29) of

Section 1 has beea applied to these concentration data with the results shown in

Figure 34. The usefulness of the Jarvinen-Hill normalization for inviscid inner

-97-



161

100

TUNNEL M I

.1
0

o.A o

--
TDATA

1014 0

- .103

A E
A

io3AXIAL CENTERLINE LOCATION,IN01

Figure 33 - Concentrations along surfaces of equal concentrations.
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Figure 34 - Normalized concentrations along the equal concentration surfaces
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shock layer densities (or concentrations) in correlating viscous shock layer

concentration data is quite evident. These normalized concentrations fall roughly

into three similar families of curves that are distinguished by different free-

stream stagnation temperatures, e. Also the difference between freestream

speed and limiting jet speed, u0o - u lim  appears to have an effect which is

weakwe than eo effect and is not so clearly resolved by the HAPRAP test
matrix as the freestream stagnation temperature effect.

Normalized data for each &o may be approximated by a single curve

with approximately a scatter of ±50%. All curves are roughly parallel to that of

the model of Jarvinen anJ Hill normalized density along the inside of the contact

surface. For the low e value (~ 280 OK) the viscous plume concentrations lie

00only slightly below the inviscid prediction. 'For the highest e o ( - 2900 OK) the

normalized viscous plume concentrations are lower than the Jarvinen-Hill values

by a factor of approximately 8 to 10. This behavior of the normalized concentra-

tions results from increased heating in the outer mixing l.yer region due to the

increasing freestream stagnation temperatures. This heating reduces the densities

along surfaces of equal concentrations below those corresponding to the inviscid

predictions (i.e., those on which the Jarvinen-Hill model is based) in which an

adiabatic contact surface is assumed.

An important extension of plume models would be the inclusion of the

o I c, and u - U li m dependencies in the normalization of concentration to

yield a universal curve of equal concentrations for viscous plumes. Such a curve .

combined with the equal concentration surface pressure would yield temperatures

from the perfect gas relation. Thus the state of the gas along the surface of equal

concentrations could be estimated.

Pressures Along the Surfaces of Equal Concentration ".

The pressure along the equal concentration surface is obtained through

the Newtonian pressure coefficient and the contact surface local slope in the

simple plume models. 3 ' 15, 16) Since the simple inviscid model has been found

to closely approximate the equal concentration surface in some cases, see
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Figures 30-32,it seems reasonable to calculate the equal concentration surface

pressure using the same procedure. This procedure for calculating pressure is

tested for the tunnel M case IC2 at x = 5" where the N2 rotational temperature

and concentration were both measured at the point of equal jet and freestream
concentrations. The tunnel conditions together with the slope of the surface of

equal concentrations, co t- 100, yield a Newtonian surface pressure ofNT/M .  ~ 015 -3
11 NT/M 2 . The species total concentration is 2 [ He] 2 3.4 x 1015 cm

so that, by the perfact gas law, the local static temperature is - 240 0 K. The

N 2 rotational temperature measured at this location is in the range of 200-250 K

(see Figure 44 of Ref. (21)).

ov Unfortunately, there are very few data to test this question since local

static temperature was measured in only a few cases. However, pending more

extensive measurements, it appears that the use of "universal" curves of equal

concentration surface location, normalized concentrations along these surfaces,

used with Newtonian surface pressures, and the perfect gas law, will allow

approximate determination of the thermodynamic state along this surface.

Because aerodynamics and cbemistry are incoupled at high altitudes (e. g., see

Ref. (23)), aerodynamic simulations in wind tunnels should be sufficient to pro-

vide the data. required to establish such "universal" curves.

4.4 SUMMARY OF FLOWFIELD ANALYSIS

The flowfield analysis shows that the plume outer shock locations

- determined by electron beam, pitot probe and flow visualization photography are

substantial agreement once the image slip phenomenon of Section 2 is included.

The shock locations show qualitative agreement with the Jarvinen-Hill plume

model dependence of L and D/T. However, a variety of disturbing effects in the
data, such as o'erlarge model rocket bodies, image slip, and thick mixing layers

j resulted in a iarge amount of scatter in normalized shock locations. Moreover,

sin(.e these shock structures became quite weak in the transitional flow regime whic

characterized a large amount of the data, these structures are not considered in

detail.



I
I

The internal shock structure (the Mach disc) shows that logitudinal

scaling indeed varies with D/T as discussed in Section 1. This shows the j
Jarvinen-Hill model is incorrect in assuming this feature is independent of D/T,

However, this plume model was designed specifically to describe existing ICBM {
plumes at high altitudes (i.e., moderate "efficiency" engines with 0.80 <

CF/CF < 0.88), and the HAPRAP data show that for this class of plumes
the Mach disc is correctly located at - 2.9 L. Still this modification may be

somewhat fortuitous since flight at Mo 6 the Mach disc position may depend

upon both dynamic and static pressure in the freestream. Furthermore, the .

Mach disc does not appear to be a signficant contributor to the high altitude

(> 100 kin) radiation signature since densities are so low at its location many

kilometers aft of the missile. Therefore, the Mach disc is not considered in

detail.

The HAPI.AP data that constitutes the most novel contribution to the

study of high altitude plumes are the detailed, two species, radial surveys of the

jet-freestream interation zone in the forward part of the plume, here taken to be

x < 1. This region plays a significant role in the high altitude radiation signature,

therefore dependence of plume features in this region on L, mo /mj, D/T, and

Knf were studied. Specifically the surface of equal concentrations of jet and

freestream species was examined because:

1. It appears to be close to the surface of maximum chemical

production for a restricted class of reactions,

2. It is relatively insensitive to the model racket size,

3. It was found to be a persistent feature easy to identify A

in all the data for the entire range of the parameters

of interest.

The surfaces of equal concentrations were found to be approximately

reducible to a single curve (for mo /m. and D/T fixed) when scaled by L.

Similar scaling was not successful in reducing the plume outer shock data. This

single curve (for m, /m. and D/T fixed) was constructed from data over the
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plume Knudsen number range, 2 x 10- 3 < Kni < 1 x 10- 1. This curve was in close

I I agreement with the contact surface of the Jarvinen-Hill model for the same D/T.

Data with several values of D/T (m. /m. fixed) showed qualitative but not quantita-

tive agreement with the predicted D/T dependence of the Jarvinen-Hill plume

model. Increasing mo, /m. (D/T fixed) resulted in broader equal concentration

surfaces indicating stronger diffusion of the Lighter jet species into the heavier free-

stream species. In addition to location of surfaces of equal concentration

magnitude of concentrations along these surfaces were also studied. It was found

L that the normalization of inner shock layer density suggested by Jarvinen and

Hill is very effective in correlating these concentration data at fixed stream

stagnation temperature. For low stream stagnation temperature this correlation

is in substantial agreement with the prediction of the inviscid model of Jarvinen

and Hill. However, at the higher stream stagnation temperature the normalized

concentration lay on a curve which is a factor of 6 or so below the inviscid

prediction. It was demonstrated (based on a very limited amount of data)

knowledge of the inclination of the surface of equal concentrations, Uc- , and

used in the Newtonian approximation to the pressure coefficient (2 sil 2),

Ii appears to yield the local statis pressure along the equal concentration surface.

dl

Ii
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Section V

RAREFACTION PHENOMENA IN PLUME FLOW

As a missile with a continuum flow regime plume climbs to higher alti-
1/2tudes, the parameter controlling the plume size, L , grows as A (for constant

missile thrust and speed). If the missile accelerates or stages to lower thrust

levels, the length L increases more slowly with increasing altitude than A 1/2 .

00

Therefore, the atmospheric mean free path eventually approaches the plume

size and the flowfield passes out of the range at which continuum concepts apply.

We will consider one a description of this process and a suitable parameter for

specifying how far this rarefaction process has advanced. Particular consideration

will be given to the continuum plume flow as it enters the trancition regime.

5.1 PREVIOUS WORK

The appearance of noncontinuum flow effects in the high-altitude plume

flow has, until recently, come under relatively little discussion. Hill and Habert 10)

Alden and Habert, 2 3 ) and Thompson et 41., (18) all touched on the question theoreti-

cally. Muntz, Hamel, and McGuire(69) established a solid basis for the study of

plume rarefaction by carrying out the first experimental study of Mach disc rare-

faction in an underexpanded jet with no external flow. They formulated rarefaction

of these shock structures in terms of a parameter dependent upon the background

or static pressure appropriate to the plume in a stationary (Mo = 0) environment.

However, static pressure has no significance for the hypersonic plume structures

considered here which are dominated by impact pressure. Moreover, in the high-

altitude plume, the Mach disc is a low density structure rather distant downstream

from the head of the plume and it tends to contribute negligibly to radiation signa-

I iture.

Ik Muntz( 70) subsequently formulated the rarefaction problem for jet plumes

in an atmosphere moving coparallel to the jet axis. His analysis began in the
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scattering regime by calculating a surface in the jet flow where a single atmos-

phereic molecule would first collide with the jet species. The resulting surface

is similar to a paraboloid with a nose radius, RN , which is on the order of the

exponential penetration distance of the ambient gas into the jet, rp . A "plume

Knudsen Number" is then defined by

K r 1i/e (78) .
NPR N

where ri/e is the exponential length scale of the attenuation of the jet species

(with respect to its undisturbed 1/r 2 distribution) by the background and

rp_ RN is assumed in Equation (78).

Muntz defines the density regime boundaries as

KNP = 1 "Scattering High Density Limit"

KNP = 0.1 "Thick Shock Waves"t

KNP = 0.01 "Merged Flow"

The scattering high density limit is the point at which the jet gas distribution

becomes significantly disturbed on the same scale as the ambient particle dis-

tribution, and the two effects interact strongly with each other. At lower densities,

the jet disturbance occurs only on the scale of the ambient mean free path while

the ambient boundary is entirely controlled by the jet density. The boundary is

located along the first collision surface described by Muntz and never penetrates

significantly to the nozzle as Kne << 1 for the class of vehicles discussed here.

The plume flow is certainly in the "scattering regime when rl/e >> rp . For

higher density flows, KNp = 0.1, the jet and ambient penetration distances are A

increasingly affected by multiple collisions which lead to a density buildup in the

freestream-jet interaction zone. This region, termed "thick shock waves" by

Muntz, marks the first appearance of a freestream jet species interaction suf-

ficient to strike a momentum balance between the flows. It is probable that this
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is the region in which the continuum scaling with L first appears in the large
dimensions of the plume structure but the small details still behave as X0.

Muntz considers KNp = 0.01 to be a merged flow regime in which the
interaction zone shocks have decreased in scale until they become of the order
of the interaction zone thickness. At this point, the jet species ceases to pen-
etrate into the outer ambient flow altogether and the L scaling becomes firmly
established. Muntz presents a thiust-altitude "rarefaction diagram" of the form
of Figure 35 to aid in determining: the altitudes at which missiles encounter these
rarefaction criteria. It is noted that,as Muntz assumes a constant relationship
between freestream and jet velocities to simplify his rarefaction diagram, these
curves do not exhibit a dependency upon the flow velocities. In fact, the jet and
freestream velocities do affect calculation of these criteria for the general case.
Muntz analysis appears best suited to defining the scattering-transition boundary

rather than the continuum-transition boundary.

Simons(7 1) discussed rarefaction of the principal plume structures in
the continuum, transition, and scattering regimes. The merging of the bow shock
with the mixing layer and the departure of the bow flow from the continuum regime
are both considered in terms of the Reynolds number behind the shock, Re2 , for
which experimental values at merging and transition are quoted. Using approxi-

mations for the flow properties and the normal shock relations, Simons expressed
the continuum-transitional boundary criterion in terms of the plume nose radius,
RNP , and the ambient mean free path. Simons quotes, from Ahouse and
Bogdonofi,7 2) an experimental value of RbA0 o which is observed to correspond
to the onset of noncontinuum behavior in blunt solid body flow:

Rb_- 40 
(79)

where Rb = the body nose radius. Simons, based on these experimental results,

determine the continuum-transitional flow boundary to be at Re 2 = 30. This
boundary is shown with Simons' shock-mixing layer merging boundary, at
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Re 2 = 500 , on Figure 35. Notice for y = 1.4 and D/T = 1/6, that Rs  L/7

from Equation (4). Where Rs = Rb is assumed, this value of R can be used in

Equation (79) to obtain a value of Plume Knudsen number

00 1-3
S4x10 (80)

that corresponds to the appearance of rarefraction effects in the plume nose

exterior flow as proposed by Simons. It is important to note that KnE is a

continuum regime plume Knudsen number, defined in Equation (33), as

contrasted with Muntz, rarefied regime plume Knudsen numbers KNP de-

fined in Equation (78).

Simons' plume nose radius, RNP c, 0.42 L , is about three times

Hill and Habert's ( 10) plume nose radius (Rs for y = 1.4) described in Section 1.

There, on the basis of a correlation of the blast wave expression with observations

of high altitude plumes, it was concluded that Rs is a good approximation of the

plume noseradus. However, since Simons uses RNp/3 as his length scale, his

continuum-translational boundary should be approximately correct.

Simons also discusses failure of continuum flow in the region of the

Mach disc. However, since in the present study the Mach disc is considered to

be of secondary importance, no further consideration is given to it here. Finally,

Simons considers the particles scattered by the "continuum core" of the plume in

his estimation of the perturbation of the freestream particles rebounding from

this continuum core. The dimension chosen is the distance from the jet nozzle

to the onset of translational mode freezing. The mean free path for the freestream

species in the jet differs from that for jet species self collisions. Therefore, t is

not evident that the distance to the jet species translational freezing point is an

appropriate one for describing the extent of the jet core region, off which the

freestream species scatters. Simons' work, therefore, is best suited to describing

10
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the rarefaction of the continuum plume nose while Muntz's work is most appropri-

ate for describing the scattering plume and, thus, their results complement each

other, as illustrated in Figure 35. .1

When the continuum merged freestream shock layer enters the transi-

tional regime, the particle self collisions become insufficient to maintain full

translational equilibrium. Then the freestream kinetic energy is not fully

redistributed into an isotropic Boltzmann distribution of velocities, i.e.,

completely thermalized. " This event can have important implications for

calculation of plume radiation signatures. When thermalization is not attained,

the use of chemical rates based on the Arrhenius formulation may not express

the actual chemical and upper state excitation rates. Vogenitz( 73) has carried

out Monte Carlo calculations of the plume nose flow field in which strong rare-

faction effects, i.e., large departures from an equilibrium velocity distribution

appear. He has demonstrated that such effects may result in radiation levels

orders of magnitude different from the corresponding equilibrium velocity

distribution prediction for high altitude rocket operation of interest.

Significant deviations from the fully thermalized (isotropic Boltzmann

velocity distribution) occur when the total number of particle self-collisions

becomes small. The total number of collisions the particle encounters in the

plume nose cap region, Ns , can be obtained in the form,

N s a (MoKni) 1  (81)

This shows, that, as one aspect of an increasingly rarefied plume moving across

the continuum-transitional boundary, a "thermalization" boundary or criterion

can be appropriately expressed in terms of the plume Knudsen number, Knf.
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5.2 SCALING AND NONTHERMAL EFFECTS OF RAREFACTION

5.2. 1 Continuum-Transitional Flow Regime Boundary Based Upon
Dimensional Scaling Considerations

Flow field properties cannot be adjusted by collisions over distances

less than a few mean free paths. In the continuum regime where Kn- << 1, the

flow field properties are continuously adjusted by collisions on distances very

small compared to the overall plume flow scale. In the extremely rarefield

scattering regime where KNp >> 1 , freestream molecules collide with the

plume jet structure, are caught up in the exhaust jet, and are ejected back into

the freestream, creating only small perturbations in the oncoming freestream

molecular flow (this phenomena has been sketched by Muntz(70)). This oncoming

flow cannot penetrate the jet flow near the nozzle because the engine exit plume

Knudsen numbers, for the devices considered here, are quite small compared

with unity. Thus, as the freestream does not affect the central jet flow, these

freestream particles penetrate the jet flow to a point determined solely by

engine design and, after ejection from the dense jet regions, travel a distance

controlled only by the freestream mean free path.

Between the continuum and scattering regimes is a transitional region

where the continuum shock structures on each side of the mixing layer spread

out and merge into each other, so the discrete continuum identities are lost.

However, the local densities are appreciably increased by flow interactions

(compared to the full scattering regime case) so as to form a specific mixing

region Aructure on a scale large compared to the mean free path. In the transi-

tion region, because there is a significant interaction between the freestream and

jet particles, we find that the large scale mixing layer structure dimensions are

controlled by the jet-freestream momentum balance since this balance involves

many collisions on distances of the order of the large structure dimension L.

On the other hand, the details small compsret to L , such as merged layer

widths, tend to vary as X00 , the rarefied flow scale. Thus both continuum and

scattering regime scaling laws appear in the transitional regime.
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The transitional regime scaling dichotomy can be demonstrated by

study of the HAPRAP data. It is seen in Figure 30 that the overall merged

layer structure appears to scale satisfactorily with L for plume Knudsen

numbers up to Kn '- 10 -  It will now be shown that the smaller scale
structure begins to vary with X before this limit is reached. The smaller

scale structure to be studied will be the thickness of the freestream species

concentration in the merged layer. The thickness chosen, 6' , is the

width of the freestream species peak taken half way between the peak concentra-

tion in the merged layer and the freestream concentration. The HAPRAP data

for 6'/X1o is plotted against Knj in Figure 36 where the dimension 6' is

shown graphically.

03 i I ll I  I I I 11111 !  I I 11111l ' -

MONTE CARLO CALCULATIONS9 3 I

3370
HAPRAP DATA 3 7  CASE SYMBOL Moo

(ASC 10V) 3 0 3.59 - 3.65
4 0 7.40 - 7.80
5 7.80 -

10 2 M -3:.6

CONTINUUM REGIME11/

, O0 DATA FOR 0. 45 < x 0. 55

101 7.8 6

0 6'. -
"2\-

RAREFIED REGIME

10
.
-
3  I0

2  1()- 1 10 
0  i

Knf,

Figure 36. HAPRAP plume small scale structures normalized byN the ambient mean -

free path plotted vs the plume Knudsen number to show transitional scaling
of the small scale structures
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Before discussing the significance of Figure 36 several details require

comment. All of the data where chosen at, or averaged to, axial stations in

the interval of x = 0.45 to 0.55 to insure a constant degree of development of

"- the viscous layer. In order to avoid large model rocket body disturbances, data

from large ('m/f > 0.5) rocket bodies were not included. The freestream mean

-- freepath evaluation was carried out in two ways:

1. Values of X0 were calculated using the expression
70-

-6 [2.68 x 1019
X0 = 6.6x10 cm (82)

00 1.67 JL [N2]w

The freestream concentrations IN2 ]co, measured by the

-- electron beam have been multiplied by 1.67 to account for

the freestream calibration shift discussed in Section 2.

2. The values of X at the nozzle exit are given in Figures 4 and 5

of Reference (37). As the flow field impact pressure drops

about a factor of 2 from the nozzle exit to the middle of the

simulated plumes in the ASC(10V) facility the local value of

mean free path was approximated by 2 times that tabulated

in Reference (37).

The overall agreement between these two methods of data reduction was reasonably

good. Detailed differences were probably due to freestream flow perturbations

by the plume and scatter in the electron beam IN2] measurement. The data

shown in Figure 36 were obtained using the second method.

A second comment on Figure 36 relates to the limits of the continuum

I and rarefied regime behavior indicated by the broken lines. The continuum

regime behavior is based on Equation (36) of Section 1 and shown by the two

diagonal lines on the left of the figure. The lower line has been fitted to the

Mw = 7.8 data for the lowest values of Knij . The upper line has been drawn

I
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parallel to the first using the relation 6'/A. X M-1/2 for Knj, constant and

labled M = 3.6. This second, upper line appears in better agreement with the

available low Mach number data than the first line. In the rarefied regine a

horizontal line at 6/AOO = 2 has been drawn to suggest the behavior of the

mixing layer structure in this limit. -.

A final comment relates to the Monte Carlo calculations of Vogenitz(73 )

indicated by the short vertical bar in Figure 36. The calculation shown is taken

from calculations for a coparallel plume nose region flow at 200 km altitude

generated by a rocket of 60, 000 Lb thrust moving at a speed relative to the ambient -

of 5 km/sec. Using the standard atmosphere( 23 ) this corresponds to a freestream

Mach number of 6.85 which is close to that of the HAPRAP ASC(10V) case No. 4

and 5 data shown in Figure 36. Density profiles from the Monte Carlo calculations

are available along a specific cut through the plume nose structure ! 7 3) This

profile can be treated as a measurement from a "numerical experiment" yielding

a value of 6'/XO . This value of V/. is obtained at a distance of about a nose

radius from the forward point of the nose flow, i.e., - 0. 15 x downstream from

the origin of the nose flow. The data in Figure 36 all corresponds to flow at

- 0.5 x . To compare the Monte Cario calculations to the HAPRAP data we make

the assumption that 6'/o c x1/2 for Kni, and MAl fixed. From Equation (1)

we find L: - 7.5 km so that Kni, - 0.026 . This allows the Monte Carlo

"data" to be located by the vertical bar on Figure 36 where the vertical range

allows for scatter in the caiculations and for the effect of range in x from 0.4

to 0.6.
-2

For Kn- < 1 x 10 Figure 36 indicates that there are at least

6 to 10 freestream mean Iree paths in 6V and that the flow is consistent with viscous

continuum behavior. For Kn- > 3 x 10-2 the flow exhibits very thickened shock

structures in which viscous effects certainly play some role. However, by

Kn[ 1 x 10- 1 the 6' structure appears fully rarefied. This condition cor-

responds to a very weak ambient species compression of a factor of 1.4, another
-2

indication of rarefied flow. It appears that by KnE - 1 - 3 x 10 rarefaction

effects appear in the HAPRAP data. While Kn L- 1 - 3 x 10 may appear to
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be a small Knudsen number for rarefaction effects to appear, bear in mind that,

for convenience Knj is defined in terms of the hypersonic scale, L. In terms

of the plume nose radius the "body" Knudsen number is substantially larger, on

the order of 0.1-0.2.

The suitable HAPRAP data is of restricted extent, however, it does

supply experimental observations about an important fact: the plume Knudsen

numbers for which parts of the plume flow show important rarefaction effects.

Via the simulation study of Section 3, those plume Knudsen numbers together

with rocket trajectories indicate when such rarefaction effects appear in plume

flows. The Monte Carlo value of 6'/ko fits well into the HAPRAP data. This

result will become more important in the next section where another aspect of

the appearance of rarefaction phenomena is considered.

Two crucial features of the dimension of 6' are that it increases with
distance along the plume (like x1/2 ) and that it is ambiguous when we move

from the viscous - continuum to the inviscid - continuum regime. The first feature

means that the rarefaction criterion will vary (relatively slowly) from location to

location in the plume. The second indicates that care must be taken in the

definition of 61. In the inviscid-continuum regime (Knf << 10 -2 ) if 6' were

taken to be the entire shock layer thickness it would be independent of X .

This regime is not encountered in the present data body which lies entirely within

the viscous-continuum or transitional flow regimes for which the entire shock

layer is viscous.

To estimate the approximate values of plume Knudsen numbers for

(j which the small scale (i.e. on the order of 6') and large scale (i.e. on the order

of L) plume flows will first show rarefaction effects we will assume that when

the flow scale of interest approaches three freestream mean free paths then

rarefaction effects will set in on that scale.

Ii The plume nose radius, Rs , given by Equation (4), is -R/7. For

the large values of -y. encountered at high altitudes the shock layer thickness

is estimated byA ~ R /10. The first effects of rarefaction are expectedS
to appear in the plume nose flow shock layer when
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~ --s ~- (83)

or for,

I plume nose flow continuum-transition
KnE 0. 005 b (84)boundary "

Likewise, the overall plume (i.e on the scale of T) will "leave" the transition

regime when L ~ 2to3 X or when -00

plume transition-scattering
Knj - 0.3-0.5 boundar (85)

The data in Figure 36 is applicable at x - 0.5 or about 4Rs lengths downstream

along the plume. Assuming the merged shear layer structure grows as x1/2

then the criterion in Equation (84) applied to x - 0.5 gives

x = 0.5 continuum transition
Kni - 0.010 (86)Lboun dary (8)

This is on the order of plume Knudsen number at which the small scale flow

structure begins to show local rarefaction effects in the HAPRAP data of Figure 36.

The value given in Equation (83) is also in rough agreement with the value Simons ( 7 1)

quotes for the plume nose. L
The HAPRAP data all lie on the continuum-transitional side of the

transition-scattering regime boundary which lies in the vicinity of Knf - 0.3-0.5.

They also lie on the viscous-continuum side of the invisid-viscous boundary which

lies in the vicinity of Kn- - 5 - 8 x 10 . In sum, the range of plume Knudesn
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number characterizing the HAPRAP data, 0.002 5 Kn- < 0.10, show that

these data lie in the viscous-continuum and transitional density regimes a region

important for typical ICBM flight as shown in F.gi;re 21.

5.2.2 Continuum - Transitional Flow Regime Boundary Based Upon
Nonthermal Considerations

Beside affecting the flow scaling the onset of the transitional regime

will have an important effect on flow chemistry and excitation processes.

Moreover, since the rarefaction effect studied above depends on observa-

tions of density, the zeroth moment in the Boltzmann equation, its behavior should

not be as sensitive an indicator of rarefaction effects as properties related to

higher moments, such as particle mean energy. An estimate of rarefaction

effects is now made from the point of view of insuring a sufficient number of

collisions in the shock layer that the ambient particle kinetic energy is redistri-

buted. Most of the chemical calculations for the continuum flow shock layer

excitation and chemical processes carried out using the Arrhenius rate formula-

tion implicity assume an isotropic Boltzmann distribution of velocities in which

the flow kinetic energy is "thermalized. " It has been shown by Vogenitz(7 3 ) that

this assumption can lend to errors of orders of magnitude in predicted radiation

levels in transition flow regime plumes.

Bow shock layer continuum properties are established via collisions

which drive the particles (assumcd to be hard spheres here) toward a local

translational equilibrium. This eq-tilibrium is quickly established, e.g., within

2-3 collisions in the interior of v shock wave. Here it will be assumed that

the plume bow shock layer will be Vf-ily 'hermalized" if a particle

encounters 10 collisions in one-tenth the flow time through the plume nose

stagnation region or a total of 100 collisions in thi.s same region. "Fully

thermalized" will be taken to mean that the directed incident flow energy is

essentially redistributed into an isotropic Boltzmann velocity distribution and

conventional full equilibrium excitation and chemical calculations can be carried

" i out. For fewer collisions it will be assumed that the sig- ficant departures from

the isotropic Boltzmann velocity distribution will occur.
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I
Thirty to one hundred collisions in the shock layer will be assumed to

constitute ' partial thermalizationN under which conditions the bow shock layer t
velocity distributions are significantly nonthermal. The velocity distributions

may then have a significant cold molecular beam type mode contribution on top of

the hot thermalized contribution. Conventional chemical calculations must be

regarded with skepticism. Three to thirty collisions will mark the boundary of --

the full-scattering regime in the nose cap region. It is emphasized that, as

there is as yet not experimental evidence for when such nonthermal effects

first occur, these statements are conjectures.

The hypersonic plume scale is about an order of magnitude larger than

the nose cap scale so the particles leaving a nose cap with only 3-10 collisions

still undergo a significant thermalization (i.e. many collisions) further downstream

on the plume. However, most of the particles downstream along the plume will

not have originated from the stagnation region. They will have entered the inter-

action region somewhere downstream of the stagnation region with correspondingly

fewer collisions to insure thermalization. This lack of collisions for thc free-

stream species entering the interaction region will be enhanced by the "pumping"

of the coparallel jet surface on the freestream, delaying buildup of freestream -w

perturbations in the transition-scattering regime as suggested by Muntzf 70)

It appears that once thermalization fails in the plume nose reb'.21 it will soon

fail downstream along the hypersonic plume structure (x < 1).

The number of collisions an average particle encounters in traversing

the thermalized shock layer is the product of the collision frequency and the flow

time. Talbot( 74) has shown that the number of collisions in the stagnation region

of a blunt body can be written as:

"(p s Y/ 2 Re , Rs 12

N s cooRM (s/ (87)
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where Re.. R is the unit Reynolds number based on the body nose radius and

upstream conditions. By use of the strong shock relations, Equation (4) and

Equation (61) and assuming Tyo = 1.4 we can write

3.6 (D/T)1/2
s Knj;

1.5 Kfor D/T (88)Kni: 6

For typical ICBM missiles (D/T ~ 1/6) failure of flow thermalization

(Ns  100 collisions) will set in by KnL - 1.5 x 10 . This value of plume

I iKnudsen number falls at approximately the first appearance of rarefaction

effects in the small scale structure as determined above.

For larger values of KnjL than 1 x 10- 2 chemical calculations

assuming full equilibrium of particle energies must be carefully examined to

insure meaningful results. Examination of the above mentioned Monte Carlo

results(73 ) helps to establish the order of error involved when assuming full

translational equilibrium when Knf > 1 x 10- 1. These results have been shown

in Figure 36 to lie at Knf - 0.026, a region of significant rarefaction on the

small scale in the plume flow. This conclusion is underlined when the results

for the mean particle energy in the ambient species compression are examined.

It is seen (in Figure 2-4 of Reference (73)) that the mean particle energy at the

peak of the plume mixing layer freestream species concentation is twice as

large in the freestream flow direction as compared to the two orthogonal

directions. Thus the available evidence shows that substantial deviations from

full thermalization occur in high altitude hypersonic plumes by plume Knudsen

numbers of 3 x 10- 2 .

I
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5.3 RAREFACTION IN HIGH ALTITUDE ROCKET PLUMES

The above results can now be compared with the results of the ,

previous workers in a rarefaction diagram. A rarefaction diagram also shows

what implications these results hold for high altitude missile flight. Such a I
diagram is shown in Figure 37. The three solid curves shown the altitude at

which a given thrust vehicle moving at a speed of 4 km/sec reaches three suc-

cessive plume Knudsen numbers: the value of plume Knudsen number of I x 102

corresponds (approximately) to a first appearance of rarefaction on the small

-1scale; the value of 1 x 10 -1for fully rarefied small scale flow; and a plume Knudsen

number of 3 x 101 for the breakdown of the continuum behavior on the large scale.

This last curve, for the breakdown of large scale continuum behavior, is itself A

based on concepts of continuum concepts which are in question as the flow enters

the scattering regime. It is therefore of questionable applicability. The first

two curves, however, originate from examination of the HAPRAP data and cor-

respond to the continuum and transitional flow regimes which are the principal L
regions of interest in this analysis.

Also shown by the dotted lines is how the previous work compares with

the indications of the HAPRAP data. We have plotted the point at which continuum

flow theory fails according to Simons( 71 ) for freestream speeds of 4.56 km/sec.

This criterion is itself based on blunt body rarefied flow experiments. Simons'

criterion is in substantial agreement with the curve for the first onset of rare-

faction effects that has resulted from study of the HAPRAP data. In the scattering

regime, Muntz( 70) shows what he terms the scattering high density limit in the
region of breakdown of the overall continuum flow. T' "rk is based on concepts

suitable to this rarefied regime and his work is the better guide for the actual

phenomenology of this region.

The extent of the HAPRAP simulation, corresponding to a range of plume

Knudsen numbers from 2 x 10- 3 to 1 x 10- 1, is shown in terms of altitudes and

thrusts. A very substantial portion of high altitude missile flight is simulated in

these measurements. Smaller thrust vehicles are simulated at correspondingly I
lower altitudes. The altitude range of the simulation range is smaller at lower
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altitudes due to a smaller atmospheric scale height. It appears that the HAPRAP

flow interaction data encompass a very interesting and important range of rocket

flight for a very wide variety of thrust levels.

Because the plume hypersonic scale depends on flight speed so will

the plume Knudsen number and thus the degree of significance of rarefaction

phenomena. The effect of flight speed on the rarefaction diagram is shown in

Figures 38 and 39 (neglecting the effect on the rarefaction criteria due to

variation in flight Mach number).

106
I ~ ~ ~ ~ ~ 1 1 1 -I I li i, , * I .~ II
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Figure 38. Rarefaction diagram showing velocity dependence for small scale
structure rarefaction process.
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Figure 39. Rarefaction diagram showing the approximate location for rarefaction
for the large scale plume structures.

To visually study the appearance of viscous and rarefaction effects we

ican turn to the electron beam flow visualization photographs and arrange them

based on their relative plume Knudsen numbers. In these nhotographs the model

rocket generator is shown by the white outline. The freestream moves parallel

gto the rocket toward the right at several km/sec. The high pressure jet flow

originating from the aft (right-hand end) of the model rocket expands to form
~the jet freestream interaction region or plume mixing zone shown by the bright

region in the electron beam fan.

i'[iIn the two lower photographs (Figure 40b and 40c) there appears a

fairly distinct image of the outer and innder shock layers. In the upper photograph

I (Figure 40a) is seen only a merged thickened zone that can still be called a mix-

* ing layer. The lower flow (40c with the distinct outer and inner shocks and shock

layers separated by the somewhat heated mixing layer) corresponds to viscous

continuum flow wita a plume Knudsen number of - 3.7 x 10-3. As the continuum
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TRANSITIONAL FLOW

,L , = 1.1 x 10-1

Plume Knudsen Number
Simulation Altitude - 320 km
For 60,000 lb Thrust Vehicle

i (40a)

CONTINUUM-TRANSITIONAL
BOUNDARY

Kn: 1. 3 x 102
" ' Plume Knudsen Number

Simulation Altitude - 170 km
For 60, 000 lb Thrust Vehicle

~(40b)

VISCOUS-CONTINUUM FLOW

KnE = 3.7 x 10-3

Plume Knudsen Number
Simulation Altitude - 120 km
For 60,000 lb Thrust Vehicle

(40c)

NOTE: Growth ot Hypersonic Scale L and Body Size £I are not Simulated
in this Series.

Figure 40. Flow visualization photographs of plume in continuum and transitional
flow regimes (n. b. growth of hypersonic scale L and body size Im
are not simulated in this photographis series.)
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transitional boundary in the region of plume Knudsen number of 10-2 is crossed,

it is seen(40b) that there are still two shocks which are, however, becoming quite

spread out. When transition flow is reached (40a) at a plume Knudsen number of

1 x 10-1 the mixing layer structure, as a compression of jet and freestream

species, alone remains.

The full scale missile flight simulated by the plane flows in these
photographs is representative of important portions of typical ICBM trajectories.

For example, relating these photographs to a rocket of 60,000 lb thrust climbing

along a typical trajectory, they would correspond to a series of snalshots of

this rocket at 120 km (viscous continuum flow), at 170 km (the continuum-

transitional boundary), and 320 km (transitional flow where the small scale

flow is fully rarefied). In this simulation series the gwowth of the plume would

req'uire that the upper photograph be enlarged about 45 times and lower photo-

graph while the rocket body size should be reduced by a factor of about 20 to

insure it exerts negligble effect on the plume.

5.4 RAREFACTION EFFECTS: SUMMARY

Rarefaction structure scaling effects were observed in the HAPRAP

hypersonic plume simulations. The onset of rarefaction has been considered in

terms of the ratio of small scale flow dimensions to mean free path, X0. It is

pointed out that in the "scaling" transitional regime small structures rarefy and

vary substantially as A whereas the large structures continue to vary in a

continuum flow regime fashion. This double scaling appears in the HAPRAP data

in which the most rarefied runs (Knf - 10- 1) show the width of the freestream

species peak in the mixing layer to be about X, whereas the equal concentration

surfaces of much larger dimensions still vary as L.

It is determined that the plume will be on the continuum-transition

regime boundary at KnL-I. x 10 (for x = 0.5) and on the transitional-scattering

boundary at Kn- L 0.3 to 0.5 . From the simulation studies it appears that the

HAPRAP data 2 x 10-3 < Kn- < 1 x 10-1 falls in the continuum and transitional
L

regimes which typify much high altitude missile operation. Density regimes
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are properly characterized by Kn- for KniE < 1 x 10 1 For Knf > 1 x 101

Muntz'( 7 0)formulation of plume Knudsen number (Equation (78)) is more suitable.

The qualitative results of this section are summarized in Table V.

Because of the requirement to carrying out chemical and excitation process

calculations in the transitional plume the question of freestream particle kinetic

energy redistribution into a Boltzmann distribution (termed "thermalization")

has been considered. It is found that, to the accuracy of the analysis carried

out here, that the plume shock layer velocity distribution will exhibit departures

from the Boltzmann distribution for KnE > 1 x 10 - .1

The continuum flow theories, which are in question for supplying

the plume small details, give the location of this mixing layer through the

entire process of rarefaction studied here and thus offer a useful method of

estimating the overall scale of the plume throughout these flow regimes (up to

Kn- = 1 x 10- 1 ) or to quite high altitudes for ICBM flight. However, if we
are interested in radiation/excitation phenomena which strongly depend on the

local flow details, such as the particle velocity distribution, then we should take

rarefaction effects into account at much lower plume Knudsen numbers altitudes.

Certainly by KnE = 1 x 10- the importance of nonthermal effects in these

phenomena should be considered for the particular process and/or radiation

bandwidth on interest.
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Section VI

SUMMARY AND RECOMMENDATIONS

6.1 SUMMARY

6. 1. 1 Plume Parameters and the Jarvinen-Hill Plume Model

The present study has reviewed the development of simple, analytic models

designed to describe high-altitude coparallel rocket plumes and has assessed their

utility based upon analysis of the IAPRAP measurements. The two most important

parameters in the description of high-altitude rocket plume structures are

Plume Hypersonic Scale,

L = VRocket Thrust/Freestream Dynamic Pressure

Nozzle Thermodynamic Efficiency,

. CF F max Rocket Thrust/Maximum Potential Thrust

An idealized momentum balance applied to the plume relates the nozzle efficiency

t ito the ratio of plume drag to rocket thrust,

D/T =C /C -11F max F

The simple inviscid flow model which most effectively describes high-altitude,

ICBM type plume structures in terms of these parameters is the Jarvinen-Hil 19)

model. This model is well suitcd to analysis of field data and tu the design of
wind-tunnel and flight experiments.

4 Preceding page blank -129-
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6. 1.2 Applicability of the Jarvinen-Hill Model

A study of the limits of applicability of the Jarvinen-Hill model has 1
indicated the following:

a. For typical ICBMs the detached plume outer shock assumed in

this model can be pertubed by the missile body at altitudes below

100 km and may be seriously disturbed at altitudes below 60 to I
70 km. The use of this model at altitudes on the order of 30 km

generally appears unwarranted,

b. For sufficiently large freestream dynamic pressures the plume

contact surface becomes rather pointed and the plume outer

shock is attached. This violates the assumption implicit in the

model of a detached shock. Attached shocks may be expected T
to occur (for a typical boost phase ICBMs) at altitudes below

70 - 120 km,

c. A class of high efficiency vehicles is conceivable (with CF/CF

> 0.93) which will not display a detached plume outer shock max

at any altitude,

d. The Jarvinen-Hill scaling of internal jet structure is incorrect in

the limit of hypersonic nozzle exit conditions, 4,
e. This plume model contains no direct information about the viscous

phenomena within the. high altitude plume structure, I
f. The Jarvinen-Hill model is based on the assumption of strongly

hypersonic external flow such that the dynamic pressure term

dominates the static pressure term. For typical ICBMs at high

altitude (> 120 kin), the freestream Mach number is between 6 and 4
10 and the region of validity for this condition in the phme mixing

layer is on the order of within one characteristic length, i.e. L,

of the missile location. Within the strongly hypersonic exhaust core

flow the applicability of this model extends considerably further

from the missile, at least 3L, based upon study of the Mach disc locations.
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6.1.3 The HAPRAP Flow-Interaction Measurements

V Model exhaust plumes in coparellel hypersonic ambient streams were

studied by pitot probe surveys, electron-beam flow visualization photographs,

and electron-beam concentration surveys of the jet and freestream species in

the HAPRAP tests. The present study has shown that, with certain exceptions,

Lhe HAPRAP data are quite satisfactory for the study of high-altitude viscous

plume behavior. The principal exceptions are (a factor of two) error in the absolute

dynamic calibration of jet gas (He) for the tunael M tests and occurrence of

significant image shifts of the plume outer shock in flow visualization photographs,

particularly, in the tunnel M tests. On the whole, the HAPRAP measurements

are suitable for interpretation of plume behavior in a hypersonic stream. The

electron-beam species concentration surveys of the jet-freestream mixing region

are of particular importance in the understanding of viscous phenomena in the

high altitude plume mixing layer structure.

6.1.4 Simulation of High Altitude Plumes

1: }An evaluation of the HAPRAP wind tunnel plumes was conducted to establish

the degree of simulation of high altitude flight conditions. The most important

parameter for describing viscous and rarefaction phenomena in high-altitude

plume mixing layers is the plume Knudsen number, Kn- , which is

ambient mean free path divided by L. Several less important simulation parameters

I were also considered. It was concluded that

a. the HAPRAP tests simulated ICBM-class sustainer operation (thrust

levels of 104 to 105 Ib) from - 120 to 320 km altitude;

b. these tests simulatcd smaller engine operation (thrust levels of

102 to 103 Ib) from - 80 to 150 km altitude;

• c. the most serious defect in the simulation is caused by the overly-

large model rocket bodies.

I
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The overall HAPRAP simulation of high-altitude plumes is quite good and can

be improved in future work in existing groundbased facilities principally by

reducing the plume generator (model rocket) dimensions.

6.1.5 The Shock Data

Analysis of plume flow field data included examination of the plume outer

and inner shocks and the mixing region between jet and ambient gases. The plume

outer shocks were significantly disturbed by several effects including overly-long

model rocket bodies. The Mach disc locations showed a dependence on D/T in

contradiction with the Jarvinen-Hill model. Because of the various

disturbances to outer shocks and general weakening the lack of identity of shock

structures in the transitional flow regime, the shocks were not analyzed in detail.

6. 1. 6 The Mixing Layer Structure

The electron beam radial surveys of species concentrations were used

to construct a surface of equal concentrations of the jet and freestream species.

In the plume mixing layer this surface is easily identifiable even in the trans-

itional flow regime. These surfaces are of interest as they are in the vicinity

of a surface of maximum volumetric rates for chemical and excitation processes

of a restricted class of reactions involving collisions between the jet and free-

stream species. This is because these surfaces lie close to the maxima in the

transverse profiles of the static temperature and the product of the jet and ambient

species concentrations. Specific features of these equal concentration surfaces

as seen in the HAPRAP data are:

a. The locations of these surfaces, for the same value of D/T and

ratio of the freestream to jet species masses (moo/m), lie
approximately along a single curve when normalized by L,

-132-



b. For D/T =0. 135 and mo/m j  1 the surfaces of equal concentration

lie close to the Jarvinen-Hill plume model inviscid contact surfaces
Ifor D/T = 0. 135,

c. The dependence upon D/T of the locations of these surfaces is in

qualitative agreement with the Jarvinen-Hill model,

d. The surface locations show a strong dependence on m /m su.h

that they become broader as m0o/mj increases,

e. Species concentrations along these surfaces are reasonably well

correlated by the density normalization of Jarvinen and Hill, how-

ever, the magnitudes of these normalized concentrations show a

strong dependence on tunnel stagnation temperatures,

[ f. Based on a limited amount of data, the local inclination of these
1\.

surfaces to the freestream, a 00 , may be used with the Newtonian

pressure coefficient, 2 sin2 ao, to estimate local static pressures

along these surfaces.

1 6.1.7 The Transitional Flow Regime

HAPRAP measurements were made at sufficiently large plume Knudsen

numbers to provide information on the initial breakdown of continuum flow. The

transitional flow regime was characterized as one in which the large scale struc-

tures behaved as though in a continuum fluid while the small scale structures were

rarefied or in the process of rarefying. Specifically, the HAPRAP data show the

following transitional behavior:

a. The surfaces of equal concentrations are relatively large (i.e.

on the order of L) and they display continuum-like behavior over

the entire plume Knudsen number range studied (2 x 10 - < Knj
-1

- lx10 ),
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b. The mixing layer widths (as measured by the compression of free-

stream species) are relatively small (i.e. on the order of L/30)

and they begin to depart from continuum-like behavior by Kn - 102

and proceed to behave in a rarefied flow manner (i.e. to vary-1
directly with freestream mean free path) by Kn- - 10 .

It was found that Simons (71) continuum flow failure criterion was in ap-

proximate agreement with the HAPRAP observations of first breakdown of the con-

tinuum flow at Kn-"x10- 2 on the small scale of the mixing layer. On the large

scale of the entire plume width, the breakdown of the continuum structures was

estimated to occur at Kn-3 x 10-1 in approximate agreement with Muntz' (70) .

criterion for the transitional-scattering regime boundary. The HAPRAP data are

applicable to the viscous-continuum and transitional density regimes of plume flow.

I An additional aspect of flow rarefaction was explored by investigating the

flow conditions in which insufficient collisions occur in the plume nose region to

properly redistribute the freestream flow kinetic energy into a thermalized flow

with an istropic Boltzmann velocity distribution. If thermalization is not achieved

in the plume flow field, then the use of excitation and chemical production rates

based on measurements in gases characterized by isotropic Boltzmann velocity

distributions is not warranted. It was found that a thermalization limit criterion

could be expressed in terms of plume Knudsen number and that, as a rough

estimate, the possibility that thermalization is not achieved must be considered when

Kn L > 1 x 10- . Based on these rarefaction criteria, it was found that, depending

upon the missile speed, the altitude above which plume rarefaction effects must be

considered is about 140 to 180 kilometers for typical ICBM flight engines (of

approximately 104 to 105 lb thrust) and correspondingly lower altitudes for smaller

rocket operation.
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6.2 RECOMMENDATIONS

6.2.1 A Plume Nomogram

The Jarvinen-Hill model is quite useful in providing plume dimensions

for analyzing field data, setting up field measurements, and designing wind tunnel

experiments. A simple graphical device for doing such work rapidly is desirable.

A nomograph for this purpose, designed by Sutton ( 75 ) , has been modified and is

shown in Figure 41.

The nomograph is basically a device for calculatingthe hypersonic scale length,

L, given that, for the flight vehicle under study, its altitude, thrust, and speed are

known. Since the expressionfor E, Equation (1), requires ambient density as an

input rather than altitude, the missile altitude must first be related to density

through knowledge of the state of the thermosphere (i.e., the atmosphere above

100 km altitude). The thermosphere is strongly affected by the solar radio and

geomagnetic activity, and diurnal and semiannual variations. Correlation formulae

for estimating the exospheric temperature are given in the U. S. Standard Atmosphere
(76)

Supplements . These correlation formulae require daily values of the solar

flux at 10. 7 cm and the geomagnetic planetary index which are available in the
3

Solar-Geophysical Data Prompt and Comprehensive Reports

When the exospheric temperature has been estimated, the vertical altitude

scales for three different exospheric temperatures on the upper right hand side of

Figure 41 can be used to make a best estimate of the atmospheric density at the

missile altitude by first interpolating an altitude for the calculated exospheric

temperature. This interpolated altitude is then read horizontally across to the

exterior density scale markings on the left hand side of the figure. This line

also gives the ambient mean freepath on the appropriately labled exterior scale

markings on the right hand side. Notice that the state of the thermosphere, as

determined by solar activity, contributes in the first order to the ambient density

and so also to the plume dimensions above 300 km altitude.

"These monthly reports are available through the National Geophysical and Solar-
Terrestrial Data Center of the National Oceanic and Atmospheric Administration
of the U.S. Dept of Commerce, Boulder, Colorado.
Note that the 1962 U.S. Standard Atmosphere exospheric temperature is -1500°K.
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The missile thrust is entered from the scale exterior to the upper

horizontal line of Figure 41. This thrust is read diagonally down toward the left

until it intersects the horizontal line just drawn. This is the first intersection.

A vertical line is dropped from the first intersection into the lower box of the

figure where it intersects a horizontal line labeled on the left hand side with the

known missile speed. This is the second intersection. The missile hypersonic

plume scale is given by the scale exterior to the lower horizontal line of the figure.

The magnitude of the missile plume scale is identified by the diagonal lines near-

est the second intersection. Dividing the ambient mean free path by the hypersonic

plume scale gives the plume Knudesen number. When done carefully, the results

should be accurate to E 10%.

The procedure just described can be used to generate a series of points

in the lower box, the locus of which shows the history of the plume development.

Notice that for full scale missile flight calculations the exterior scale markings

are used as just described. For wind tunnel experiment design, different ranges of

the variables are used and the same type of calculation procedure is used except

that the interior scale markings are used. However, for test limits the

nomogram might be used in the reverse manner based on the physical limitations

of the uniform wind-tunnel flow region and the amount of mass flow addition from the

model which can be accommodated by the tunnel compressors. Accordingly, limiting

boundaries of tunnel operation could be laid out on the nomogram and the resulting

range in Kn-, determined.

The proportions of the Jarvinen-Hill analytic model (19 ) for moderate

efficiency engines characterized by blune-noses are shown in Figure 41. These

proportions are based on a typical D/T value of 1/6 are,

Plume nose radius = Rs 
= 0. 15L

Contact surface radius at the Mach Disc = Rb = 0. 41L

Distance from missile to Mach Disc = L = 2.9E
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As a sample calculation we determine the hypersonic plume scale for an ICBM
5with a thrust of 10 lb moving at 4 km/second at 180 km altitude in an atmosphere

of exospheric temperature 1500 0 K. A horizontal line is drawn from 180 km on

the external right-hand upper scale to make the first intersection with the diagonal

thrust line labeled 105 lb in the upper box. From this intersection, a vertical

line is dropped into the lower box to make the second intersection with the horizontal

line indicating a missile speed of 4 km/sec. The hypersonic plume scale is

obtained by reading down and to the left along the diagonals to L-- 8.5 km. The .

nose radius is . 1.25 kin, the contact surface radius at the Mach disc is ~ 4.25

kin, and the distdnce from the missile to the Mach disc is 25.5 km. As Knj.
1.3 x 10- 2 , this plume is near the continuum-transitional flow boundary.

6.2.2 The Evaluation of Rarefaction Effects for Kn- > 1 x 10- 2

Several plume Kundsen number criteria for estimating when rarefaction

effects should be evaluated are recommended. The present analysis indicates that

a continuum plume analysis for plume Knudsen number values in excess of 10- 2

has an increasingly limited validity, particularly for the smaller details of the

flow. Continuum prediction of large-scale plume features by continuum for-

mulations should be valid for Kn- -s 0.10 and perhaps up to Kn- = 0.3 However

for corresponding chemical rate calculations it is necessary to evaluate the

importance of nonthermal effects for Kn- > 1 x 102. Strong nonthermal effects

will make an appearance for KnL > 3 x 10- 2 .

6.2.3 Further Development of a Simple High Altitude Mixing Layer Plume Model

The HAPRAP jet-freestream interaction data has allowed exploration of

the mixing layer structure well into the transitional flow regime. It has been

found that this structure can be usefully (if only partially) specified by an equal

concentration surface. It appears that the concentrations along this surface might

be expressed as a "universal" curve by a combination of inviscid and viscous para-

meters, as at, ext3nsion of the correlation achieved in this work by use of inviscid

scaling. The pressures along this surface can be estimated (;s demonstrated on

the basis of very limited data) through use of Newtonian pressure coefficients.

13
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Then, in principle, it appears feasible to construct a simple, high-altitude plume

model which would preoict the spatial extent of the equal concentration surface and

the mean thermodynamic properties and velocity along this surface for both the

viscous continuum and the transitional flow regimes.

It is recommended that investigations be undertaken specifically designed

to hasten the development of a simple, viscous, high-altitude plume model. These

would include the following tasks:

a. Theoretical study of the oblique impact of dissimilar (by species),

rarefield hypersonic gas streams to establish the effect of para-

meters, such as mass ratio, on scaling equal concentration surface

properties obtained in the wind tunnel to the flight situation,

b. Exercise of large computer codes espable of handling multispecies

diffusion at high altitudes to establish a benchmark set of computer

results required for testing model mixing layer behavior,

c. Exercise of small computer programs capable of calculating only

the plume contact surface location for a large range of inviscid

conditions to test the variation of this surface with D/T over the

range 0.01 < D/T < 2.0,

d. Further study of the HAPRAP data to correlate additional features

of the transitional flow regime, and to examine the other plume

orientations for which there are HAPRAP data. This work should

explore mixing layer phenomena to determine to what further extent

wind-tunnel testing will be required to verify the resulting model.
t .

Final model testing would require:

e. Selection of a wind-tunnel test matrix to include a broader range of

parameters than available from existing data (e. g., jet-to-freestream

enthalpy ratio) and a reduction of model rocket disturbances.
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By combining the results of the ground-based test program which field observations,

it should be possible to adequately test the resulting viscous plume model. In this

effort, certain failings of the Jarvinen-Hill model, particularly the scaling of

internal shock structure and the exclusion of attached outer shocks for very high-

efficiency engines, should be treated. The resultant high-altitude plume model ,

would encompass all engine designs and flight conditions from the inviscid con-

tinuum through to the transitional flow regime. A

.1

.4

5.!
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